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Thi s  r e p o r t  d e s c r i b e s  t h e  g ene r a l  computer s o l u t i o n  of a  hydro- 
dynamic model of watershed f low,  t h e  so-ca l led  I l l i n o i s  Hydrodynamic Water- 
shed Model I1 (IHW Model 1 1 ) .  This  model i s  formula ted  mathemat ica l ly  on 
t h e  b a s i s  of t h e  c on t i nu i t y  and momentum p r i n c i p l e s ,  c o n s i s t i n g  of t h e  u s e  
of non l i n e a r  p a r t i a l  d i f f e r e n t i a l  equa t i ons  and employing t h e  concepts  of c 
k:.+ Weisbach f low r e s i s t a n c e ,  These equa t i ons  a r e  t hen  so lved  by t h e  mathod 
;$ 
of c h a r a c t e r i s  t i c s  us ing  an e x p l i c i t  scheme of s p e c i f i e d  g r i d  i n t e r v a l s  f o r  
t h e  r e q u i r e d  numerical  i n t e g r a t i o n .  




l L  
i s  developed f o r  t h e  s e l e c t i o n  of t h e  i n i t i a l  cond i t i ons  and f o r  t h e  numer i ca l  
[/ 
' a1;' s o l u t i o n  a t  boundary p o i n t s ,  i n c l ud i ng  hyd r au l i c  jumps i n  t h e  f low.  As  
It, 
ti" 
c, I t h e  s o l u t i o n  of t h e  hydrodynamic equa t i ons  i s  performed on computers,  one p(; 




1 prepared  and made a v a i l a b l e  f o r  computation. The computation r e s u l t s  f o r  
i 

t h e  hydrodynamic model a r e  compared w i t h  t h e  exper imenta l  d a t a  ob ta ined  from 
5 ' 
t h e  Un i v e r s i t y  of I l l i n o i s  Watershed Experimentat ion System (WES). 
Re su l t s  of t h i s  s t udy  i n d i c a t e  t h a t  t h e  proposed IHW Model I1 i s  
i n  g e n e r a l  f e a s i b l e  f o r  t h e  s imu l a t i on  of t h e  hydrodynamic behav io r  of t h e  
wate rshed  flow. However, t h e  model could b e  much improved i f  b e t t e r  info.rma- 
t i o n  on t h e  e f f e c t  of flow r e s i s t a n c e  i s  a v a i l a b l e ,  Also,  t h e  model shou ld  
b e  s imp l i f i e d  f o r  p r a c t i c a l  u se s .  The flow r e s i s t a n c e  e f f e c t  and t h e  model 
mod i f i c a t i on  f o r  p r a c t i c a l  usage a r e  now under i nv e s t i g a t , i o n  i n  t h e  con-
I 
t i n u i n g  r e s e a r ch  of t h e  p r o j e c t ,  
1;: 
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t h e  r e s e a r ch  i s  t o  i n v e s t i g a t e  t h e  b a s i c  mechanics of f low of s u r f a c e  wate r  
on a r t i f i c i a l  d r a inage  b a s i n s  by c o n t r o l l e d  exper iments  and hydrodynamic 
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1 ,  INTRODUCTION 
1.1. The Watershed System Model 
I n  r e c e n t  y e a r s  t h e  s t udy  of hyd ro log i c  phenomena h a s  been advanced 
by s i m u l a t i n g  t h e  phenomena by systems models. A system model of s p e c i a l  
i n t e r e s t . t o  h y d r o l o g i s t s  and wa te r  r e sou rce s  eng inee r s  i s  t h e  wate rshed  
system model which s imu la t e s  f low of wa te r  on wate rsheds  a s  a subsystem of 
t h e  g l o b a l  hyd ro log i c  system of w a t e r  c i r c u l a t i o n  and d i s t r i b u t i o n  descr ibed  
by t h e  hyd ro log i c  c y c l e ,  
An impor tan t  ca tegory  of models f o r  t h e  hyd ro log i c  s i m u l a t i o n  of , 
a wate rshed  i s  t o  t r e a t  t h e  wate rshed  a s  a d i s t r i bu t ed - sys t em model which i s  
formula ted  mathemat ica l ly  on hydrodynamic p r i n c i p l e s .  Although such models 
p rov ide  a more r e a l i s t i c  r e p r e s e n t a t i o n  of t h e  f l ow  c o n d i t i o n  on t h e  water-  
shed t han  o t h e r  lumped-system models,  t h e  mathematical  equa t i ons  involved 
a r e  s o  complicated and t h e i r  s o l u t i o n  i s  p o s s i b l e  on ly  f o r  c e r t a i n  ca se s ,  
D i f f i c u l t i e s  may a r i s e  i n  t h e  i n i t i a l  f o rmu la t i on  of  t h e  d i s t r i b u t e d -  
system model when t h e  i n f l u e n c e  of  c e r t a i n  f a c t o r s  c o n t r o l l i n g  t h e  flow i s  
unknown o r  on ly  p a r t i a l l y  known. Such f a c t o r s  can b e  t h e  wate rshed  rough- 
n e s s ,  t h e  r a i n f r o p  impact ,  t h e  r a i n f a l l  d i s t r i b u t i o n  and s u r f a c e  t ens ion .  
Other  d i f f i c u l t i e s  may occur  i n  t h e  s o l u t i o n  of t h e  model equa t i ons  which 
a r e  u s u a l l y  n o n l i n e a r  p a r t i a l  d i f f e r e n t i a l  equa t i on  and cannot  b e  solved 
e x a c t l y .  I n  such c a s e s ,  t echniques  of numerical  a n a l y s i s  a r e  necessary  f o r  
t h e  s o l u t i o n  b u t  they  u s u a l l y  c r e a t e  a d d i t i o n a l  problems because  n o t  a l l  
numer ica l  schemes of a n a l y s i s  a r e  converging and s t a b l e .  Also,  c o r r e c t  
d e s c r i p t i o n  of t h e  i n i t i a l ' a n d  boundary cond i t i ons  i s  d i f f i c u l t  because 
t h e s e  cond i t i ons  cannot b e  f o r e s e e n  a c c u r a t e l y  and w i t h  c e r t a i n t y .  F i n a l l y ,  
t h e  r e s u l t  of t h e  numerical  s o l u t i o n  may n o t  be ob t a ined  when an  e l e c t r o n i c  
computer w i t h  s u f f i c i e n t  memory and speed i s  u n a v a i l a b l e .  
1 . 2 .  	 P rev ious  Development of Modeling 
I n  o r d e r  t o  check v a r i o u s  mathematical  wate rshed  models  and t h e  
v a l i d i t y  of  t h e  assumptions involved ,  t h e  Watershed Experimentat ion System 
(WES) has  been developed and c o n s t r u c t e d  a t  t h e  Department of C i v i l  
Engineer ing  of t h e  LTniversi t y  of I l l i n o i s  a t  Urbana-Champaign (Chow [ I 9 6 7 ,  
1968, 19701) .  The WES i s  a l a b o r a t o r y  system of i n s t r u m e n t a t i o n  which can 
gene r a t e  an  a r t i f i c i a l  s torm w i t h  g iven  temporal and s p a t i a l  d i s t r i b u t i o n s  
of r a i n f a l l  i n t e n s i t i e s  and move i t  i n  any d e s i r e d  d i r e c t i o n  over  a d r a inage  
b a s i n  a r e a  of  40 f e e t  by 40 f e e t  o r  less i n  t h e  l a b o r a t o r y ,  It i s  a p a r t i -
c u l a r l y  u s e f u l  t o o l  i n  wate rshed  model i n v e s t i g a t i o n  because i t  makes 
p o s s i b l e  a thorough s tudy  of t h e  wate rshed  system under con t roPled  condi- 
t i o n s ,  
The f i r s t  d i s t r i bu t ed - sys t em model which was t e s t e d  on t h e  WES 
i n  1966 is  des igna t ed  a s  I l l i n o i s  Hydrodynamic Watershed Model I (IHW Model I) 
(Harbaugh~and  Chow [1967]) .  I n  t h i s  model, t h e  s u r f a c e  runoff  due t o  
r a i n f a l l  i s  s imu la t ed  on t h e  assumption t h a t  wate rshed  flow c o n s i s t s  of two 
types  of f low;  namely, t h e  channe l  f low and t h e  over land  f low.  This  
assumption made p o s s i b l e  t h e  d e s c r i p t i o n  of  t h e  f low by s imp l i f i e d  one-
d imens iona l  hydrodynamic equa t i ons  of 'momentum and c o n t i n u i t y ,  which g r e a t l y  
reduces  t h e  e f f o r t  of t h e  s o l u t i o n ,  The i n f l u enc e  of t h e  r a ind rop  impact 
i n  t h e  model i s  assumed t o  b e  i nc luded  i n  t h e  proposed "conceptual  water-
shed roughness" a s  an  a d d i t i o n a l  roughness component. 
The IHW Model I was f u r t h e r  improved by r e f i n i n g  t h e  hydrodynamic 
equa t i ons  of  f low t hu s  producing t h e  I l l i n o i s  Hydrodynamic Watershed Model 
I1 (IHW Model 11)  (Chen and Chow [1968] ) .  I n  t h e  IHW Model II, t h e  v e l o c i t y  
and p r e s s u r e  a r e  averaged over  a  v e r t i c a l  depth and a c r o s s  t h e  channel  
s e c t i o n ,  t h u s  producing a set  of r e f i n e d  one-dimensional hydrodynakic 
e qua t i on s  of watershed flow. The i n f l u enc e  of t h e  r a ind rop  impact i s  
t r e a t e d  a s  an ove rp re s su re  added t o  the  h y d r o s t a t i c  p r e s s u r e  term,  For 
t h e  s o l u t i o n  of t h e  model, a  numer ica l  procedure based  on t h e  method of 
c h a r a c t e r i s t i c s  i s  sugges ted ;  
The c~xcep t u a lwatershed considered i n  the watershed models  is 
impervious and r e c t a ngu l a r  a s  shown i n  F ig .  1. It c o n s i s t s  of two s i d e  
p l a i n  s u r f a c e s  f o r  over land  f lows which i n t e r s e c t  i n  t h e  middle  t o  form a 
t rough  f o r  channel  f low.  The over land  flows a r e  assumed t o  move i n  a d i r e c -
t i o n  normal  t o  t h e  channel  f low.  The over land f lows  i n t e r s e c t  w i t h  t h e  
channe l  f low a t  i n t e r s e c t i n g  l i n e s  DE and FG. S i n c e  t h e  wate rshed  s u r f a c e  
i s  assumed impervious,  t h e  f lows  a r e  t r e a t e d  a s  d i r e c t  r uno f f .  
Over 1 and 
Flow 
I n t e r s e c t i o n  o f  Channel 
and Over l and  F lows  o owns t r eam(a )  P l an  View 
Boundary o f  Over land ~ 1 ~ s )  
O v e r l a n dF l ow  . 
7 
es  
Channel F low 
Cross-Sect  i o n  
( b )  l n t e r s e c t i o n  o f  Over land Flows w i t h  t h e  Channel Flow 
F i g .  1 .  The Conceptual  Watershed Cons idered i n  t h e  Models 
1,3. Ob j e c t i v e s  of t h e  P r e s en t  Study 
The p r e s en t  s t udy  d e a l s  w i t h  t h e  computer s o l u t i o n  of t h e  IEW 
Model 11. I t s  major o b j e c t i v e s  a r e  a s  fo l lows:  
( a )  To s imp l i f y  t h e  d e r i v a t i o n  of t h e  hydrodynamic equa t i ons  of  f l ow .  
(b) To develop t h e  procedure and t h e  schemes f o r  t h e  i n i t i a l  and 
boundary cond i t i ons  i n  t h e  numer ica l  s o l u t i o n  of t h e  c h a r a c t e r i s t i c  equa t ions .  
( c )  To develop an  e f f i c i e n t  computer program which can handle  va r ious  
forms of space  and t i m e  i n pu t  d i s t r i b u t i o n s ,  i n i t i a l  and boundary c o nd i t i o n s ,  
f r i c t i o n  f unc t i on s ,  and t h e  channel  geometry. 
(d)  To  check t h e  v a l i d i t y  of t h e  IHW Model I1 by comparing t h e  r e s u l t s  
of t h e  numer ica l  s o l u t i o n  w i t h  t h e  exper imenta l  d a t a  ob t a ined  from t h e  
WES . 
2. THE IHW MODEL I1 
For t h e  case of one-dimensional channel flow wi th  l a t e r a l  inf low 

r e s u l t i n g  from r a i n f a l l  and i n f i l t r a t i o n ,  the  hydrodynamic equat ions  of 

flow may b e  derived by cons ider ing  an elementary volume of water  bounded 

by two c ross  s e c t i o n s  of average top width T a t  dx a p a r t  (F ig ,  21,  

2.1. The Continui ty Equation 
The change i n  d ischarge ,  Q ,  w i th  r e spec t  t o  space dx i n  time d t  
i s  (aQ/ax) dxdt .  The change i n  channel s to rage  i s  ( a ~ / a t )  d tdx ,  where A 
i s  t h e  c ross - sec t iona l  a r e a  normal t o  t h e  d i r e c t i o n  of flow. For incom- 
p r e s s i b l e  f l u i d s ,  t h e  p r i n c i p l e  of con t inu i ty  r e q u i r e s  t h a t ,  
where r and T a r e  the  average r a i n f a l l  i n t e n s i t y  and i n f i l t r a t i o n  r a t e ,  
r e s p e c t i v e l y  measured i n  the  d i r e c t i o n  of g r a v i t y  over  t h e  elementary 
volume i n  time i n t e r v a l  d t ,  8- i s  t h e  angle  of i n c l i n a t i o n  of t h e  channel 
4 

.bed, and qL i s  the  r a t e  of l a t e r a l  inf low per  u n i t  l eng th  of t h e  channel 
flow. The equat ion may be  reduced t o  
which i s  t h e  con t inu i ty  equat ion  f o r  a one-dimensional channel flow with 
l a t e r a l  inf low e f f e c t e d  by r a i n f a l l  and i n f i l t r a t i o n ,  
2 .2 .  The Momentum Equation 
According t o  t h e  p r i n c i p l e  of conservat ion of momentum the  
t o t a l  r a t e  of momentum change i n  an elementary volume of water  (Fig.  2 )  
i s  equal  t o  t h e  n e t  f o r c e  a c t i n g  on i t .  The f o r c e s  ac t ing  on t h e  elementary 
volume i n c l u d e  t h e  p res su res  on two flow c ross - sec t ions ,  t h e  weight of 
wa te r ,  t h e  f r i c t i o n ,  and t h e  f o r c e s  due t o  raindrop impact,  Assuming 
t h a t  t h e  p r e s s u r e  d i s t r i b u t i o n  i s  h y d r o s t a t i c ,  t h e  t o t a l  p re s su re  on a  f low 
2
c ross - sec t iona l  a r e a  A i s  equal  t o  wAh cos 0 where w i s  t h e  s p e c i f i c  weight  of 
z 9  

w a t e r ,  and i s  t h e  dep th  of t h e  c e n t r o i d  measured i n  t h e  d i r e c t i o n  of 
g r a v i t y .  Thus, t h e  t o t a l  r e s u l t a n t  p r e s s u r e  f o r c e ,  F , i n  t h e  d i r e c t i o n  
P 

of x-ax is  i s  
a (w~hcos 2e Z )  

F = dx 

P ax 
The f o r c e ,  F  due t o  t h e  'we igh t  of wa t e r  i s  
g 9  
F = wA s i n e  dx 
g 2: 
The f r i c t i o n a l  f o r c e ,  F f ,  i s  
where S i s  t h e  f r i c t i o n  s l o p e .  f 
For t h e  e f f e c t  of t h e  r a i n d r o p  impact ,  Chen [ l 96@] ,  and Grace 
and Eagleson  [I9651 have i n t roduced  t h e  concept of  an ove rp re s su re  head, 
which assumes t h a t  t h e  r a ind rop  impact  produces a n  a d d i t i o n a l  p r e s s u r e  
be ing  d i s t r i b u t e d  l i n e a r l y  o r  un i formly  over t h e  f low c ros s - s ec t i ona l  a r e a .  
For t h e  assumption of uniform d i s t r i b u t i o n  t h e  t o t a l  ove rp re s su re  can be 
* * 
expressed  by wAh , where h  i s  t h e  ove rp re s su re  head.  I n  t h e  IHW Model I1 
(Chen and Chow [19681),  t h e  ove rp re s su re  i s  assumed as 
where fi is t h e  momentum c o r r e c t i o n  f a c t o r  t o  account  f o r  t h e  e f f e c t  of 
r 
nonuniform d i s t r i b u t i o n  of t h e  t e r m i n a l  v e l o c i t y  of r a ind rops ,  g i s  t he  
a c c e l e r a t i o n  of g r a v i t y ,  r i s  the r a i n f a l l  i n t e n s i t y ,  A i s  t h e  mean t e r m i n a l  
v e l o c i t y  of  r a ind rops ,  and @ i s  t h e  ang l e  of i n c l i n a t i o n  t h a t  t h e  vec to r  
Z 

of t h e  mean t e rmina l  v e l o c i t y  of r a i n d r o p s  makes w i t h  t h e  v e r t i c a l  l i n e  
( F i g .  2 ) .  Therefore  t h e  t o t a l  r e s u l t a n t  p r e s s u r e  f o r c e  F can b e  modified 
P 
i n  t h e  form as f o l l o w s :  
a[w~(hcos 2B Z  + h * ) ]  
F = dx 
P ax  
The momentum M of  t h e  e l e m e n t a r y  volume of w a t e r  a t  t i m e  t i s ,
t 

where  p i s  t h e  m a s s  d e n s i t y  o f  w a t e r .  
The momentum M a t  t i m e  t + d t  i st+d t 
M t + d t  = p (A + dA) (V + dV) (dx + ddx) 
where  dA i s  t h e  change i n  f l o w  a r e a  A,  dV i s  t h e  change i n  v e l o c i t y  V ,  
and ddx i s  t h e  change i n  l e n g t h  dx d u r i n g  the  t i m e  i n t e r v a l  d t .  But 
avddx = - d x d t  
ax , 
S u b s t i t u t i n g  the v a l u e s  of  dA, dV, and ddx g iven  by Eqs .  (2.10), ( 2 e 1 1 ) 9  
and (2 .12)  i n  Eq. ( 2 . 9 )  and n e g l e c t i n g  d i f f e r e n t i a l s  o f  h i g h e r  o r d e r ,  
p [AV  + (AS+ v a A +  av,)2~% +v2 a t ]  d~M t + d t  = a t  

During t h e  t ime i n t e r v a l  d t  t h e r e  i s  a l s o  a momentum i n f l u x  DM 
r 
.ue t o  r a i n f a l l  i n  t h e  x - d i r e c t i on  which can be expressed  by 
. There i s  a l s o  a momentum i n f l u x  D% due t o  l a t e r a l  i n f l ow  which 
is ass~mzdt o  hzv2 a v e l o c i t y  component i n  the x -d i r e c t i on  equal  t o  th,e 
channel  f low v e l o c i t y  V. This  momentum i n f l u x  can b e  expressed  by 
-
DML = pV qL dx 
Thus, app ly ing  t h e  p r i n c i p l e s  of conse rva t i on  of momentum, u s ing  
t h a t  t h e  momentum e f f l u x  due t o  i n f i l t r a t i o n  i s  n e g l i g i b l e ,  
where w = pg .  The second, t h i r d ,  and f o u r t h  term of t h e  l e f t -hand  s i d e  
of E q ,  (2 .16)  r e p r e s en t  t h e  t o t a l  momentum f l u x  a c r o s s  a l l  t h e  s u r f a c e s  of 
t h e  e lementary  volume, S ince  t h e  v e l o c i t y  d i s t r i b u t i o n s  of t h e  channel 
flow and t h e  l a t e r a l  i n f l ow  a r e  no t  uniform,  a  momentum c o r r e c t i o n  f a c t o r  
can b e  i n t roduced  t o  each of t h e s e  t h r e e  te rms ,  Thus,  E q ,  (2 ,16)  becomes 
a [A(K cos2e + h*) 1 

gA s i n e  





where is  t h e  momentum c o r r e c t i o n  f a c t o r  f o r  t h e  v e l o c i t y  d i s t r i b u t i o n  
of t h e  f l ow ,  and BL  i s  t h e  momentum c o r r e c t i o n  f a c t o r  f o r  t h e  v e l o c i t y  
d i s t r i b u t i o n  of t h e  l a t e r a l  i n f l ow ,  Equat ion (2 ,17)  i s  t h e  complete form 
t h e  momentum, equa t ion  c on s i d e r a t i on .  
2 , 3 ,  C h a r a c t e r i s t i c  Equat ions  
Equa t ions  ( 2 , 2 )  and (2 ,17)  can be  modif ied by assuming t h a t  
A = DT, where D i s  t h e  hyd r au l i c  dep th ,  dA = T dy, y = h cos9 ~ ( A E )= A dh ,  
JC z 9  
f3 = c o n s t a n t ,  h = cons t an t  a long  t h e  x-ax is ,  and S = s i n 9  , These equa-
Z 2 
t i o n s  can be f u r t h e r  s imp l i f i e d  and normalized by l e t t i n g :  x, = x/Lo. 
-
h, = h c o s B o / ~ 0 9V, = V/vo, t* = t Vo/L0, D* = D / D ~ ,  T* = T / T ~ , r, = r / ro9 
i, = i / ro9qL* = qL cos /DoVo h," = h * / ~  cos o ,  R, = R / R ~ , A, = A/vo0 0 
where q u a n t i t i e s  w i t h  a s t e r i s k  s u b s c r i p t  a r e  d imens ion less  and t hose  w i th  
"or' s u b s c r i p t  a r e  q u a n t i t i e s  which r e f e r  t o  a c e r t a i n  f low cond i t i on  taken 
a s  a r e f e r e n c e  i n  t h e  no rma l i za t i on ,  Also,  L i s  d e f i n ed  a s  a r e f e r en c e  
0 
l e ng t h ,  t i s  t ime ,  and R i s  t h e  hyd r au l i c  r a d i u s ,  Thus, E q .  (2 .2)  becomes 
ah, ah, coseo av* 
t + v* Yr- f - D * c  
O L ,  Z "A* 
L r cos 9 
-
0 0 2 0 Do q ~ *[ (r* - i*) (y)cos + -(TI -1 ( 2  18)D coseo 0 cose 
0 0 z o T* 
I f  Eq. (2.18) i s  mu l t i p l i e d  by V* and. t h en  s u b t r a c t e d  from t h e  
s imp l i f i e d  and normalized form' of Eq. (2.17) where t h e  f r i c t i o n  s l o p e  Sf 
2is s u b s t i t u t e d  by fV / 8 g ~ ,  t h e  modif ied momentum equa t i on  becomes 
cose 
Z 
V* ah* case2 - cosez h, 
, 
ah, av* av* 
0 




s i d e  + a z )Lo r* r0 Z
-
--1 -+ -(F)h3$*D 
0 
cosg
0 F D* 0 cosg0 
0 

cosez 3 B V 2 ,  
C O S " ~  f ----- (T)C O S ~  C O S ~  + (pL - 8)
- 8v* cose] D -L z0 0 
0 75 0 
where  Fo = V /&D ocse  / B  and f  i s  t h e  Darcy-Weisbach f r i c t i o n  c o e f f i c i e n t  
0 0 0 
(Chow [ 1959 ] ) .  
Cons ide r i ng  t h e  f r i c t i o n  s l o p e  S a t  t h e  r e f e r e n c e  f l ow  s e c t i o n ,  
0 
the f r i c t i o n  s l o p e  S i s  r e l a t e d  t o  S byf 0 
where f  i s  t h e  f r i c t i o n  c o e f f i c i e n t  a t  t h e  r e f e r e n c e  f l ow  s e c t i o n .  
0 
Using t h e  method d e s c r i b e d  by S t r e e t e r  and Wylie  [ 1967 ] ,  t h e  
c h a r a c t e r i s t i c s  of E q s ,  ( 2 , 18 )  and (2 .19)  are d e r i v e d  as 
cos e 
Z * 
where  = I' - 1) v2 +-
F" * case-
+ h )r t . ~ ( @  8 (D-
., cose  
- - -
I z [ ( I  - B) + XIH1- D cose  
0 
A l l  quan t i t i e s  i n  the  above equations a r e  dimensionless but  the  a s t e r i s k s  
a r e  dropped f o r  the  sake of convenience. Hereafter these  quan t i t i e s  w i l l  
be  taken as  dimensionless unless otherwise s t a t ed .  
Using an e xp l i c i t  scheme of spec i f i ed  g r id  po i n t s  (Chen and Chow 
[1968], S t r e e t e r  and Wylie [ 1 967 ] ) ,  t he  f in i t e -d i f fe rence  forms of Eqs, ( 2 . 2 1 )  
and (2.22) a r e  as follows (Fig.  3 ) :  
-
Charac t e r i s t i c  l i n e  C+: - = - - DBAx 
- PVD + A,A t  A t  
where t h e  subsc r ip t  "D" denotes the  corresponding quan t i t i e s  a t  po in t  D 
(F ig .  3b) . 
B cos e z 5t AD = L ( 3  - 1) vo2 + ;7 (0, 5+ hD 1 
0 
where again H1D and H2, a r e  evaluated a t  po in t  D, and $, VP a r e  the unknonw 
depth and ve loc i t y  a t  P o  
-
Characteristic line C- : 
- - - -BE 
- WE+ A,Ax At At 
when 
Cha r a c t e r i s  t i c  l i n e  
when 
Based on i n e q u a l i t i e s  ( 2 , 3 2 )  and ( 2 , 3 6 )  a Froude number which 





where V,  D, and h a r e  the dimens ion less  v e l o c i t y ,  h yd r au l i c  dep th ,  and 
ove rp re s su re  head,  r e s p e c t i v e l y .  I n t roduc ing  t h e  dimensional  q u a n t i t i e s ,  
Eq .  (2,371 becomes 
2 . 4 ,  F r i c t i on -Coe f f i c i e n t  Equat ions  
For  the ' computa t ion  of t h e  f r i c t i o n  c o e f f i c i e n t  f  the fol lowing 
equa t i ons  are used: 
f o r  laminar  flow 
f = -0.223 f o r  t r a n s i t i o n a l  and t u r b u l e n t  Roe,25 f low on a smoothed s u r f a c e  
- -
2R 
- 2 1ogi ; -4 -1 .74  f o r  t u r bu l en t  f low 
fi on a rough s u r f a c e  
where C i s  a c on s t an t ,  R = VR/V i s  t h e  Reynolds number, R i s  t h e  hyd r au l i c  
r a d i u s ,  V i s  t h e  v e l o c i t y ,  v i s  t h e  k inema t i c  v i s c o s i t y ,  and k i s  t h e  
boundary roughness .  
At each  p o i n t  i n  e i t h e r  over land  o r  channel  f l ow  where t h e  
v a l u e s  o f  R and V a r e  known, t h e  Reynolds number can b e  computed. According 
t o  t h e  v a l u e s  of R and k t h e  p o s i t i o n  of t h e  l i n e  f o r  Eq. (2.41) can b e  
determined.  The two p o s s i b l e  p o s i t i o n s  f o r  t h e  l i n e  a r e  shown i n  F i g .  4 .  
For sma l l  v a l u e s  of ~ / kt h e  l i n e  r e p r e s en t ed  by Eq. (2.41) i n t e r c e p t s  t h e  
O 0 2 5  
l i n e  f  = c / R  a t  h i ghe r  R t han  t h a t  f o r  i t s  i n t e r c e p t i o n  w i t h  f = 0.223/R 
a s  shown by c a s e  (a )  i n  F ig .  4.  For l a r g e  v a l u e s  of ~ / kt h e  o r d e r  of i n t e r -
cep t i on  i s  r e v e r s ed ;  i . e . ,  Eq. (2.41) meets f = 0.223/R 0 e 2 5  a t  h i ghe r  /? a s  
shown i n  c a s e  (b)  i n  F ig .  4 .  For c a s e  ( a )  , Eqs. (2 .39)  and (2 .41 )  a r e  
used t o  compute f  according t o  t h e  v a l u e  of R .  For t h e  ca se  ( b ) ,  Eqs. ( 2 . 3 9 ) ,  
( 2 . 4 0 ) ,  and ( 2 . 41 )  are used. 
For  a given  X, t h e  p o s i t i o n  of t h e  l i n e  f o r  Eq .  (2 .41) ,  whether 
i t  i s  c a s e  ( a )  o r  (b) , i s  determined by comparing t h e  Reynolds number R2 
wi t h  t h e  Reynolds number R1 o r  R;. The Reynolds number R; corresponds t o  
t h e  i n t e r s e c t i o n  of l i n e s  f o r  t h e  Eqs. (2.39) and (2 .41) .  I n  t h e  ca se  (a), 
R1 < R2 ;  and f o r  case  (b) , R; > R2. The v a l u e  of R2 i s  computed by 
s e t t i n g  
F i g .  4. F r i c t i o n - C o e f f i c i e n t  Equations 

3, BOUNDARY CONDITIONS 

3.1,  The Upstream Boundary 
T h e o r e t i c a l l y  t h e  computation of depth and v e l o c i t y  a t  t h e  up- 
s t ream boundary f o r  over land o r  channel  f low should  be ob t a ined  by us ing  
t he  C- c h a r a c t e r i s t i c  and t h e  c o n d i t i o n  t h a t  V = 0 a t  t h e  upstream end. 
However, t h i s  approach g ives  h i g h l y  u n s t a b l e  r e s u l t s  mainly due t o  t h e  f a c t  
t h a t  n e a r  t h e  boundar ies  t h e  v a r i a t i o n  i n  depth and e s p e c i a l l y  i n  v e l o c i t y  
i s  very h i g h  and t h e  c h a r a c t e r i s t i c  curves  e x h i b i t  g r e a t  cu rva tu re .  Thus, 
t he  o r i g i n a l l y  sugges ted  f i n i t e - d i f f e r e n c e  scheme f o r  t h i s  approach cannot  
be u sed ,  
I n  t h e  p r e s e n t  approach,  t h e  c o n t i n u i t y  equa t i on ,  ( ~ q .2.2),  i s  
used a long  w i t h  t h e  cond i t i on  t h a t  t h e  v e l o c i t y  a t  t h e  upstream end i s  
zero.  Equa t ion  (2.2) can be  w r i t t e n  i n  d imens ion less  form, cons ide r ing  
t h a t  A ,  = A/Ao and Q* = Q/Qo = Q/AoVo and then  dropping t h e  a s t e r i s k  sub- 
s c r i p t s  , a s  fo l lows  : 
The p a r t i a l  d e r i v a t i v e s  i n  t h e  above equa t i on  a r e  e s t ima ted  a s  fo l lows  
(F ig ,  3a) : 
and 
The boundary cond i t i on  i s  
Su b s t i t u t i n g  i n  E q ,  (3.1) the v a l u e s  of a A / a t ,  a ~ / a tand V g iven  by Eq s .
P 
(3 .2)  , ( 3 . 3 ) ,  and (3 .4)  , cons ider ing  the  f a c t  t h a t  VL = 0, L$ can be  
de r ived  as 
LoToro L0+ 2At [ ( r s  - i s )  Ts COSO  
z T cos q~Aovo 0 0 S 
where 
With t h e  v a l u e  of $ given  by Eq .  (3.5) t h e  depth hP can be  computed 
accord ing  t o  t h e  geometry of t h e  c ros s - sec t ion ,  
For overland flow, 




' cot0L + cot0R 
where 8 and 0 a r e  t he  angles  of i n c l i n a t i o n  of t h e  l e f t  and r i g h t  s i de s  L R 
of t h e  cross-sect- ional  t r i a n g l e  (F ig ,  2 ) ,  
3 . 2 .  The Downstream Boundary of t h e  Channel Flow 
For s u b c r i t i c a l  channel  f low,  t h e  downstream boundary cond i t i on  
c o n t r o l s  the f l o w  i n  t h e  channel .  It i s  t h e  c o n d i t i o n  of a f r e e  o v e r f a l l ,  
w i t h  F = 1 j u s t  upstream from t h e  boundary e d g e .  Thus, Eq. (2 .37 )  g ives  
V 

F = F  	- b = 1 
?h-cosB + hZ %2 p cose P0 
where Fo i s  def ined  i n  Sec t ion  2 . 3 .  
Refer r ing  t o  F i g .  3c,  the partial d e r i v a t i v e s  i n  the c o n t i n u i t y  
equa t ion  can b e  e s t ima ted  i n  a s i m i l a r  manner a s  f o r  t h e  upstream boundary, 
Substitution of these results i n  E q ,  (2 ,18)  y i e l d s  
cose 
cos e 
L r cos e 
-
0 0 2 o Do q ~ s  
- 2 A t A x ~ case ~(r, - i s )  ,cos 00 + -C O S ~  - 1 
0 0 0 	 2 0 s 
where Vs ,  Ds,  r;' is, T s ,  and qLs can be  computed by equa t ions  s i m i l a r  t o  
E q s .  ( 3 . 6 ) ,  ( 3 . 7 ) ,  (3.8) , and (3.9)  . For flow of t r i a n g u l a r  c ros s  s e c t i o n ,  
Using E q s .  (3 .12) ,  (3 .16) ,  and (3 .17 ) ,  t h e  depth ,  h p y  and v e l o c i t y ,  
can be  computed by t h e  Newton-Raphson method (Hildebrand [1956]) .  It  
must be  no ted  h e r e  t h a t  Eq.  (2.18) i n s t e a d  of Eq .  (3 .1)  i s  used because 
t h e  former g ives  t h e  v a l u e  of h d i r e c t l y ,  a l though bo th  equa t ions  g ive  
*P 
t h e  same r e s u l t s .  Also, t he  ove rp re s su re  head, hp i s  assumed cons tan t  
and independent  of hp. 
3.3 .  The Downstream Boundary of  t h e  Overland Flows 
I n  t h i s  s tudy  the  i n t e r s e c t i o n  of overland and channel  flows i s  
cons idered  a s  t h e  downstream boundary of t h e  overland flow. I n  Fig.  l a ,  
t h e  p l an  view of t h e  watershed under c on s i d e r a t i on  i s  shown, where t h e  
l i n e s  DE and FG a r e  t h e  probable  i n t e r s e c t i n g  l i n e s  between t h e  channel  
and over land  f lows.  F igure  l b  shows a  channel  flow c ros s - sec t ion  and the  
l o n g i t u d i n a l  s e c t i o n  of t h e  corresponding overland f lows .  Poing B belongs 
t o  l i n e  DE ;  i t  i s  considered a s  t h e  downstream boundary p o i n t  of t h e  over-
land  f low.  Therefore ,  i t  i s  assumed t h a t t h e  depth hL of t h e  channel  
flow determines t h e  l o c a t i o n  of t h e  downstream boundary of t h e  overland 
f lows.  Such an assumption i s  made because t h e  watershed of t h e  WES does 
no t  have a f i x e d  channel geometry which would provide  a known s e t  0.f 
i n t e r s e c t i n g  boundary l i n e s  DE and FG. Also, t h e  l a t e r a l  i n f low i s  assumed 
t o  have a v e l o c i t y  component equa l  t o  the mean channel  flow ve l o c i t y  
a c t i n g  i n  t h e  d i r e c t i o n  of channel  flow. This  assumption is  made because 
nea r  t h e  i n t e r s e c t i o n  of channel and over land  flows t h e  f low i s  a c t u a l l y  
two-dimensional and the  veloci ty  p r o f i l e  i s  cont inuous i n  bo th  dimensions. 
I n  t h e  ca se  of a channel  of f  i ked  geometry, t h e  momentum i n f  l ux  term due 
t o  l a t e r a l  i n f low should be  modif ied i n  t h e  momentum equat ion  according t o  
t h e  v e l o c i t y  component of t h e  l a t e r a l  in f low a c t i n g  i n  t h e  d i r e c t i o n  of 
channel  flow. 
I n  t h e  ca se  of s u p e r c r i t i c a l  f low t h e  v e l o c i t y  and depth a t  
p o i n t  B i n  Fig.  l b  a r e  computed by us ing  C+ and C- c h a r a c t e r i s t i c s  f o r  the 
overland flow upstream of B e  
I n  t h e  ca se  of s u b c r i t i c a l  f low,  i f  t h e  f low condi t ions  up- 
f
s t ream of B a r e  known, t h e  C c h a r a c t e r i s t i c  can be  computed. For t h e  
C- c h a r a c t e r i s t i c ,  an imaginary p o i n t  B '  i n  F ig .  l b  i s  e s t a b l i s h e d  
downstream of B a t  a d i s t a n c e  Ax. Assuming l i n e a r  v a r i a t i o n s  i n  depth 
and v e l o c i t y  between p o i n t s  L and B, t h e  depth and v e l o c i t y  a t  p o i n t  B' 
are  computed by l i n e a r  e x t r a p o l a t i o n  o f  the depth and v e l o c i t y  a t  p o i n t s  
L and B.  Then, t h e  C- c h a r a c t e r i s t i c  i s  computed between p o i n t s  B and 
4-
B '  i n  F i g .  l b .  Along w i t h  t h e  C c h a r a c t e r i s t i c  t h e  velocity and depth a t  
B f o r  t h e  next  t ime i n t e r v a l  can b e  computed. The d e t a i l s  about  t he  . 
a l go r i t hm  adopted i n  t h e  computation f o r  t h e  downstream boundary of t h e  
over land  f lows  a r e  g iven  i n  Appendix 27 f o r  s ub r ou t i n e  BOWBIN. 
3.4 .  The I n t e r n a l  Boundary 
A hyd r au l i c  jump o r  drop i n  the f low i s  cons idered  a s  an internal 
boundary o r  a d i s c o n t i n u i t y  i n  dep th  and v e l o c i t y .  The i n t e r n a l  boundary 
c ond i t i on  can be  expressed  by t h e  c on t i nu i t y  and momentum equa t ions  d e r i v ed  
i n  t he  neighborhood of a  h y d r a u l i c  jump o r  drop (Chow [1?59 ] ,  Chen and 
Chow [ l 9 6 8 ] ) .  I f  5 i s  t h e  v e l o c i t y  of p ropaga t ion  of  t h e  d i s c o n t i n u i t y  
a long  t h e  d i r e c t i o n  of f low,  t h e  p r i n c i p l e  of c o n t i n u i t y  g i v e s  
where A i s  t h e  f low c r o s s - s e c t i on a l  a r e a ,  V i s  t h e  v e l o c i t y  of  flow, and 
t h e  s u b s c r i p t s  "JL" and "JR",  a l s o  t o  b e  used i n  o t h e r  symbols l a t e r ,  r e f e r  
t o  t h e  l e f t  s i d e  (upstream) and t h e  r i g h t  s i d e  (downstream) of  t he  d i s -
c o n t i n u i t y ,  r e s p e c t i v e l y ,  Taking i n t o  c on s i d e r a t i on  t h e  i n f l u enc e  of the 
r a i n d r o p  impa c t  a s  d i s c u s s e d  i n  Sec t ion  2 . 2 ,  and app ly ing  Eq ,  (3.18) and 
the momentum equa t ion ,  Eq .  (2.17), t o  t h e  neighborgood of t h e  d i s c o n t i n u i t y ,  
t h e  fo l l owing  exp re s s ion  f o r  V can b e  ob ta ined :JL 

where S i s  an index equa l  t o  -1 f o r  hyd r au l i c  jump (AJL < AJR ) and +l f o r  
t 
h y d r a u l i c  drop (AJL > AJR) Equat ions  (3.18) and (3.19) can b e  writ ten i n  
t h e i r  d imens ion less  form by cons ide r ing  5* = S/V, and i n t r oduc i ng  t he  
a 
normal iz ing  q u a n t i t i e s  used i n  S e c t i o n  2 . 3  a s  f o l l ows :  
AJL(VJL - 5) = AJR(VJR - 5) 
and 
n 
where t h e  a s t e r i s k  s u b s c r i p t s  a r e  dropped f o r  t h e  s ak e  of convenience.  
The de t e rmina t i on  of i n t e r n a l  boundaries  h a s  been sugges ted  
p r ev i ou s l y  by means of l i n e a r  e x t r a p o l a t i o n  of t h e  f low depth  and v e l o c i t y  
u s e  i n  Eqs .. (3.20) and (2.31) (Chen and Chow [1968]) .  However, t h i s  
p rocedure  o f t e n  f a i l s  t o . p r oduce  a  s o l u t i o n  o r  an a c c ep t ab l e  s o l u t i o n  i f  
any,  because  t h e  v a r i a t i o n  i n  dep th  and v e l o c i t y  i n  t h e  v i c i n i t y  of a 
d i s c o n t i n u i t y  i s  u sua l l y  h i gh l y  c u r v i l i n e a r  o r  non l inea r .  Also t h e  flow 
c ros s - s ec t i ons  on bo th  s i d e s  of t h e  d i s c o n t i n u i t y  may n o t  d i f f e r  much 
-
s o  t h a t  t h e  term [(AJLhJL - AJRKJR) /(AJL - AJR) 1 i n  Eq .  (3.21) and t h e  
fo l l owing  equa t i on  cannot b e  computed a c cu r a t e l y  w i t h  t h e  u s e  of t h e  
approximately e x t r a po l a t e d  v a l u e s :  
which i s  ob t a ined  from Eq .  (3 .20) .  
I n  t h i s  s t udy  two ca se s  a r e  d i s t i ngu i s h ed  i n  t h e  de t e rmina t i on  
of i n t e r n a l  boundar ies .  One ca se  i s  t o  i o c a t e  t h e  i n t e r n a l  boundary 
between two g r i d  po i n t s  a t  t i m e  t + A t  when t h e r e  was no d i s c o n t i n u i t y  i n  
t h e  v i c i n i t y  of t h e s e  g r i d  p o i n t s  a t  t ime t .  The o t h e r  ca se  i s  t o  l o c a t e  
t h e  i n t e r n a l  boundary a t  t i m e  t + A t  when t h e r e  was a  known d i s c o n t i n u i t y  
between two g r i d  po i n t s  a t  t ime t .  The two cases  a r e  analysed as fol lows 
by t h e  method of c h a r a c t e r i s t i c s  : 
3.4.1. Case 1 
Refe r r i ng  t o  F i g .  5 ,  t h e  a r e a s  AJL and AJR (hence t h e  cor re -
sponding dep ths )  and t h e  v e l o c i t i e s  VJL and VJR a t  t ime  t +' A t  are f i r s t  
I I I I 
1 I I 
Ax Ax Ax 
t + A  t .- - time o f  discontin 
g r i d  p o i n t s  
t ime  o f  no discon 
f l ow  ( x -ax i  s) 
( a )  The G r i d -Po in t  Network 
IK 

L g r i d  g r i d  
point p o i n t  
I 
(b) 	Explanatory Sketch 
F i g .  5 ,  Internal Boundary Determination Case 1 
computed. Then t h e  Froude numbers F and FJR a r e  determined t o  see i fJ L  
t h e r e  i s  a d i s c o n t i n u i t y ;  t h a t  i s ,  a change of flow regime from super-
c r i t i c a l  t o  s u b c r i t i c a l .  I f  t h e r e  i s  a d i s c o n t i n u i t y  between t h e  IK-th 
o r  (I - l ) t h  g r i d  p o i n t  and t h e  I-th g r i d  p o i n t ,  then t h e  depth and 
v e l o c i t y  a t  t h e  middle  po i n t  P a t  t + A t  (F ig .  5b) a r e  computed on t h e  
b a s i s  of t h e  f low p r o f i l e  a t  time t by t h e  fo l lowing  procedure :  
I n  computing t h e  depth and v e l o c i t y  a t  t h e  middle  p o i n t  
P(F ig .  5b) o r  a t  any po i n t  P' a t  a d i s t a n c e  x  (Fig.  5a)  from t h e  g r i d  
p o i n t  I K  a t  t ime t + A t ,  t h e  depths  and v e l o c i t i e s  f o r  g r i d  p o i n t s  A and 
B a r e  f i r s t  determined by l i n e a r  i n t e r p o l a t i o n  of t h e  dep ths  and v e l o c i t i e s ,  
r e s p e c t i v e l y ,  between g r i d  p o i n t s  I L  and I K  and between g r i d  p o i n t s  I K  
and I. Then, by determining t h e  Froude number a t  I K ,  t h e  f low regime 
between I K  and I a t  t ime t can be  a s c e r t a i n ed .  I f  t h e  f low regime a t  
t ime t i s  s u p e r c r i t i c a l ,  . t h e n  u s e  C' and C- c h a r a c t e r i s t i c s  between A and 
B t o  de te rmine  t h e  depth and v e l o c i t y  a t  P ' .  I f  t h e  f low regime i s  sub-
c r i t i c a l ,  compute t h e  depth and v e l o c i t y  a t  depth p o i n t  C between I and 
I N  a t  t ime  t .  Then, use  C' c h a r a c t e r i s t i c  between A and B and C- charac-
t e r i s t i c  between B anc C t o  compute t h e  dep th  and v e l o c i t y  a t  P ' .  
Now, i f  t h e  Froude number a t  P i s  g r e a t e r  t h an  one, t h e  discon-  
t i n u i t y  must b e  l o c a t ed  between P and I. Then t he  dep th  and v e l o c i t y  a t  
p o i n t  M a r e  computed i n  t h e  same manner a s  f o r  P and t h e  Froude number a t  
M i s  checked. I f  t h e  Froude number a t  M i s  g r e a t e r  t h an  one, t h e  discon-  
t i n u i t y  i s  assumed approximately t o  occur  i n  t h e  middle  between M and I. 
Then t h e  dep th  and v e l o c i t y  on t h e  l e f t  s i d e  of  t h e  d i s c o n t i n u i t y  a r e  com-
puted  by e x t r a p o l a t i o n  from t h e  va lues  a t  p o i n t s  P and M ,  and on t h e  
r i g h t  s i d e  by ex t r a po l a t i on  from t h e  v a l u e s  a t  p o i n t  I and the (I =+ 1)th 
po i n t  o r  p o i n t  I N .  I f  t h e  Froude number a t  M i s  less than  one, t h e  d i s -  
c o n t i n u i t y  i s  assumed t o  occur  i n  t h e  middle  between P amd M. The depth 
and v e l o c i t y  P on t h e  l e f t  s i d e  of  t h e  d i s c o n t i n u i t y  a r e  computed by 
e x t r a p o l a t i o n  from t h e  va lues  a t  p o i n t  I K  nad P ,  and on r i g h t  s i d e  by 
e x t r a p o l a t i o n  from t h e  va lues  a t  p o i n t s  M and I. 
I f  t h e  Froude number a t  P i s  l e s s  than one ,  t h e  sz.me procedure  
d e s c r i b ed  above i s  fol lowed t o  determing whether t h e  d i s c o n t i n u i t y  i s  
l o c a t e d  between I K  and N, o r  between N and P .  
3.4 .2 .  Case 2 
L e t  J be  t h e  known p o s i t i o n  of t h e  d i s c o n t i n u i t y  a t  t ime t 
(F ig .  6 )  and J' t h e  unknown p o s i t i o n  a t  t ime t + A t .  I f  t h e  p o s i t i o n  J' 
a t  t ime t 9 A t  shown i n  F i g ,  6 i s  t h e  c o r r e c t  one a t  a d i s t a n c e  x  from 
p o i n t  J measured a long  t h e  x - d i r e c t i on .  The p a t h  of p ropaga t ion  of t h e  
d i s c o n t i n u i t y  on t h e  x, t -p lane  can be shown approximately a s  a s t r a i g h t  
l i n e  JJ'  by s e l e c t i n g  a s u f f i c i e n t l y  sma l l  t i m e  increment  A t .  A l l  t h e  
p o i n t s  on t h e  l e f t  of t h e  l i n e  J JBa r e  i n  t h e  s u p e r c r i t i c a l  f low regime 
and a l l  t h e  p o i n t s  on t h e  r i g h t  a r e  i n  t h e  s ubc r i t i c a l .  f low regime. For 
p o i n t  J P t h e  dep th  and v e l o c i t y  can b e  computed, assuming s u p e r c ~ i t i c a l  
f low regime,  from t h e  known f low cond i t i on  on t h e  l e f t  of J. Likewise,  
t h e  corresponding depth and v e l o c i t y ,  assuming s u b c r i t i c a l  f low regime, 
can b e  a l s o  computed from t h e  f low condi t ionson  t h e  r i g h t  of J. These 
computed dep ths  and v e l o c i t i e s  a t  J' should s a t i s f y  Eq .  (3.21) s i n c e  J '  i s  
a t  t h e  d i s c o n t i n u i t y ,  
For t h e  de t e rmina t i on  of t h e  depth and v e l o c i t y  on t h e  l e f t  of 
J 9  a t  any g iven  d i s t a n c e  x, t h e  d i f f e r e n c e  scheme i s  shown i n  F ig .  6b.  To 
4-
e s t ima t e  t h e  C and C- c h a r a c t e r i s t i c s ,  on ly  t h e  s u p e r c r i t i c a l  f low p r o f i l e  
on t h e  l e f t  of J i s  used ,  Thus, t h e  dep ths  and v e l o c i t i e s  a t  A o r  B 
(F ig .  Qb) a r e  then  e s t ima ted  by e i t h e r  e x t r a p o l a t i o n  o r  i n t e r p o l a t i o n  from 
t h e  known veloci t ies  and dep ths  a t  t ime t a t  g r i d  po in t s  ILL ,  IL and IH, 
and a t  l e f t  of J .  With t h e  dep ths  and v e l o c i t i e s  a t  A and B known, t h e  
-kC and C- c h a r a c t e r i s t i c s  w i l l  de te rmine  t h e  depth.  and v e l o c i t y  on t h e  
l e f t  of J ' .  
I n  a s im i l a r  manner, t h e  v e l o c i t y  and dep th  on t h e  r i g h t  of J v  
can b e  computed. I n  t h i s  computat ion,  however, t h e  known p r o f i l e  is  i n  
t h e  s u b c r i t i c a l  f low regime and i t  i s  g iven  by t h e  depths  and v e l o c i t i e s  
a t  g r i d  p o i n t s  INN, IN, I, and a t  r i g h t  of J. By e x t r a p o l a t i o n  o r  i n t e r -  
p o l a t i o n ,  t h e  depths  and v e l o c i t i e s  f o r  s u b c r i t i c a l  f low a t  A ,  B, and C 
(F ig .  6c )  a r e  computed and t h en  t h e  C+ and C- c h a r a c t e r i s t i c s  a r e  used t o  
de te rmine  t h e  depth and v e l o c i t y  a t  r i g h t  of J'. 
Based on t h e  above procedure  t o  de te rmine  t h e  dep ths  and v e l o c i t i e s  
a t  t h e  l e f t  and r i g h t  s i d e s  of J', t h e  s o l u t i o n  f o r  Case 2 proceeds a s  
t h e  g r i d  p o i n t  network  
A J B 
l e ' f t - s i d e  s u p e r c r i t i c a l  f l o w  reg ime 
F i g h t - s i d e  s u b c r i  t i c a l  f l ow regime 
F i g .  6. Internal Boundary De te rm ina t i on  Case 2 
f o l l o w s :  From E q ,  (3 .21)  a f u n c t i o n  F i s  de f ined  as 
- c0sLe  	 * 1 / 2  
e ( 'J~L~JVL 	A ~ r ~ h ~ v ~ 
A~~~ 2 Z + h ) lA ~ ~ ~ A ~ -r ~ cos  e 
0 
where ' t h e  s u b s c r i p t s  "J'L1'and "JVR" r e f e r  t o  l e f t  and r i g h t  of  J', 
r e s p e c t i v e l y .  For v a r i o u s  v a l u e s  of x, t h e  cor responding  dep ths  and 
v e l o c i t i e s  a t . l e f t  and right of J' are computed and t hen  s u b s t i t u t e d  i n  
. . 
Eq.  ( 3 : 23 )  t o  hake an' e s t i m a t e  of t h e  va lue  of  F. Thus, t h e  c o r r e c t  v a l u e  ' 
of  x w i l l  g i v e  F = 0. With t h e  c o r r e c t  va lue  x known, t h e  dep ths  and 
. . 
v e l o c i t i k s - at l e f t '  and r i g h t  of Jv  a r e  computed,' and t h e  v e l o c i t y  of pro-
p a . g a t i o n  5 i s  e s t ima ted  by E q .  (3 .20)  . 
The d i s t a n c e  x should  n o t  be s e l e c t e d  t o  e x c e e d ' t h e  range  between 
t h e  g r i d  p o i n t s  IL and I N ,  because l a r g e  va lues  of  x w i l l  make t h e  ex t r a -  
. . 
p o l a t i o n  u n r e l i a b l e .  I f  no v a l u e  of  x t h a t  s a t i s f i e s  E q .  (3 .23)  can 'be 
found t o  e x i s t  between t h e  g r i d  p o i n t s  TL and I N ,  t hen  the t i m e  i n t e r v a l  A t  
. - . -- - - -.- . 
i s  r educed  t o  h a l f ' a n d  t h e  computat ion i s  r e p e a t e d  f o r  t h e  new t ime s t e p - - -  -
t + A t / 2 .  
4 .  INITIAL CONDITIONS 
@
The assumptions and cho i ce  of  the initial c o n d i t i o n s  i s  an essen- @@ 
t i a l  p a r t  of t h e  numer ica l  s o l u t i o n .  For  the c o n c e p t u a l  wate rshed ,  t h e  
i n i t i a l  c o n d i t i o n s  a r e  t h e  d e p t h ,  h = 0 and t h e  v e l o c i t y ,  V = 0 f o r  a dry 
s u r f  a c e  s i n c e  t h e  wate rshed  i s  assumed impervious.  But such  i n i t i a l  
c o n d i t i o n s  c o n s t i t u t e  a p o i n t  of s i n g u l a r i t y  i n  t h e  p r e s e n t  method of so lu - 4
t i o n .  In  a v o i d i n g  t h i s  d i f f i c u l t y ,  L i g g e t t  and Woolh ise r  [I9671 assumed W pj 
a uni form uns t eady  f low f o r  t h e  f i r s t  t i m e  i n t e r v a l  and  t h u s  s o l v e d  t h e  




us ing  the known v a l u e s  of h  and V.  Chen and Chow [ I9681  sugges ted  t h e  @ 

u s e  of t h e  un i form f low e q u a t i o n  f o r  s low s t e a d y - s t a t e  motion i n  a  g r a v i t a - :B & 

t i o n a l  f i e l d  f o r  t h e  computat ion of  h and V f o r  t h e  i n i t i a l  f l ow  c o n d i t i o n s .  

A l l  t h e s e  assumptions a r e  merely h y p o t h e t i c a l .  - -

I n  t h e  exper iments  performed i n  t h e  WES, i t  has been observed 
t h a t  when t h e  r a i n f a l l  s t a r t e d ,  pocke t s  of wate r  were  formed on t h e  water- 
shed s u r f  a c e  w i t h o u t  producing any f l ow .  As t h e  r a i n f a l l  con t inued  t h e  - - - - - - - -, 
w a t e r  p o c k e t s  grow l a r g e r  and lc l rger  and e v e n t u a l l y  merged t o g e t h e r  forming 
-. - - -
a t h i n  f i l m  of w a t e r  f l owing -wi th  a v e r y  low v e l o c i t y . -  Based on - th i s  
o b s e r v a t i o n ,  i t  can b e  assumed t h a t  t h e r e  i s  a  minimum depth  h ,1.32. less than  
which the a d h e s i v e  f o r c e  o f  w a t e r  on wate rshed  surface is greater than the 
g r a v i t y  f o r c e s  and t h e  v e l o c i t y  of t h e  f l ow  i s  p r a c t i c a l l y  ze ro .  I n  o t h e r  
words,  . . 
a 
V = O  f o r  h = hi n  
and 
where t i s  t h e  i n i t i a l  t ime  of f low and r i s  t h e  r a i n f a l l  i n t e n s i t y .  
. in 
A t  p r e s e n t  t h e r e  i s  no t h e o r e t i c a l  method which can a c c u r a t e l y  
g i v e  t h e  v a l u e  of  h It i s  b e l i e v e d  t h a t  hi* depends on many f a c t o r s  i n '  
such  as s u r f a c e  t nns ion ,  s l o p e  and roughness  of t h e  watershed s u r f a c e ,  
v i s c o s i t y  of w a t e r ,  and r a i n d r o p  impac t .  Fu r the r  comments on h i n  w i l l  be 
I
g iven  i n  S e c t i o n  5.2.  
5.  AN E W L E  O F  NUMERICAL ANALYSIS 
As  an example of numerical  ana l y s i s ,  
c e p t u a l  watershed a r e  taken as fo l lows:  
t h e  condi t ions  of  t h e  con-
1d3 
ii9 
Watershed su r f a c e :  aluminum p l a t e  wi th  k = 0.0001 ft and i = 0 . 
Watershed a r e a :  40 f t  by 40 f t  
Channel s l ope :  B C  ='0.01 
Watershed s i d e  s lopes :  BS  = BL = BR = 0.01 
Ra i n f a l l  i n t e n s i t y :  r = 5 .51  i n . / h r  
R a i n f a l l  d i s t r i b u t i o n :  uniform over e n t i r e  a r e a  
Ra i n f a l l  du ra t ion :  60 s e c  
Raindrop t e rmina l  v e l o c i t y :  A = 18 f p s ,  v e r t i c a l  (Q z = 0) 
Raindrop d i r e c t i o n :  @ = 0 
z 2Kinematic v i s c o s i t y  o f  wa te r :  v = 0.0000121 f t  / s ec  
Momentum co r r e c t i on  f a c t o r s :  f3 = B r  = PL = 1 
Grid i n t e r v a l  along x -d i r ec t ion :  Ax = 1 f t  f o r  both overland and 
channel  flows 
Experimental d a t a  f o r  the above condi t ions  w e r e  obta ined  i n  t h e  
- -  - - -  






5.1.  Computation of t h e  Reference Quant i t ies  
By us ing  t h e  uniform r a i n f a l l  i n t e n s i t y  ro = 5.51 in./hr as t h e  
reference r a i n £  a l l  i n t ens i t y  and t h e  length  o f  t h e  channel L-u = 40 f t 
as t h e  r e fe rence  l eng th ,  o t h e r  r e fe rence  q u a n t i t i e s  a t  t h e  o u t l e t  can be 
de r ived .  Under a uniform r a i n f a l l  of i n t e n s i t y  ro and i n f i n i t e  dura t ion  
t h e  d i scha rge  a t  t h e  equ i l ib r ium condit ions a t  t h e  o u t l e t  i s  
-
- ---.---





C I '  
3 
For the computed v a l u e  of R the l o c a t i o n  of t h e  line I/&- = 
0 0 
2 l o g ( 2 ~ ~ / k )  can b e  determined accord ing  t h e  method + 1 .74  i n  Fig. 4 t o  
d e s c r i b e d  i n  S e c t i on  2 , 4 .  With t h e  computed v a l u e  of R 
0 )  and hence A 0 ' ' 
t h e  r e f e r e n c e  v e l o c i t y  and Reynolds number can b e  computed by  V = Q o / ~
0 0 




/ v .  For case (a) i n  S e c t i on  2 . 4 ,  i f  f? 
0 
i s  g r e a t e r  than  RI' 
E q .  ( 2 . 41 )  should  b e  used f o r  t h e  computation of  f and t h e  remaining A 

0 
q u a n t i t i e s  a r e  t hen  e s t ima t ed  a s  f unc t i on s  of R . I f  Ro is  l e s s  than R l ,
0 

Eq .  (2 .41)  cannot  b e  used.  For  c a s e  ( b )  , Eq. (2 .41)  should  b e  used i f  
R i s  g r e a t e r  t han  R b u t  n o t  f o r  f? l e s s  t han  R 
0 3' 0 3 * 
When E q .  ( 2 ,41 )  cannot  b e  used ,  E q .  ( 2 , 401  should  b e  chosen, 
Furthermore,  s i n c e  R = R Q /A v and f o r  a t r i a n g u l a r  c ro s s  
2 0 0 0  0 
s e c t i o n ,  A = 4R o/coses  s i n0  Eq .  (5.3) g ive s
o S 
The computed value of Ro i s  t h en  checked a g a i n s t  t h e  v a l u e  of  R If2 .  
R > R2 ,  t h e  computed v a l u e s  are  c o r r e c t .  I f  Ro i s  less  t h an  R t he  
0 -- 2 '  -- -- - -- -
choice of Eq .  ( 2 . 4 0 )  is incor rec t .  Then, Eq .  (2 .39)  f o r  l aminar  flow - - - - - -
.-
should b e  used which i n co r po r a t e d  w i t h  Eq .  (5.3) g i v e s  
Q Cv sin 28 
0 S )  1 / 4  
( 64gS-
5.2 .  Computation of t h e  I n i t i a l  Condit ions 
A s  d iscussed  i n  Chapter 4 t h e  i n i t i a l  cond i t ions  f o r  t h e  overland 
and channel flows a r e  given by E q s  . (4.1) . The i n i t i a l  dep th ,  hi, i s  
assumed equa l  t o  0.003 f t .  For t h i s  i n i t i a l  depth,  t h e  i n i t i a l  t i m e  i s  
The s e l e c t i o n  of t h e  va lue  of h  i s  based on two f a c t s :  (a )i n  
During t h e  experiments i n  t h e  WES, t h e  average water  depth was observed 
t o  be  c l o s e  t o  0.003 f t  when flow began, and (b) t h e  exper imenta l  outflow 
-\hydrograph (Fig .  1 )  i n d i c a t e s  t ha t  outf low becomes measurable a t  about  the 
30-th second s i n c e  t h e  r a i n f a l l  began. Therefore,  an i n i t i a l  t i m e  of 
= 23.5 seconds seems t o  b e  a  reasonable  choice because i t  i s  n o t  f a rt i n  

f r a m  t h e  magnitude of 30- seconds. 

It may b e  noted t h a t  t he  i n i t i a l  depth h  = 0.003 f t  r ep resen t s  i n  
an average condi t ion .  I n  the  numerical a n a l y s i s ,  t h e  computed depth  of 
assumed t o  be  h = 0.0025 f t .
min 
I n  summary, t h e  i n i t i a l  condi t ions  a r e :  h = 0.003 f t ,  V = 0 f t / s e c ,  
= 23.5 s e c s ,  and hmin = 0.0025 f t .  It  i s  a l s o  assumed t h a t  t h e r e  i st i n  
no i n t e r n a l  d i s c o n t i n u i t y  i n  v e l o c i t y  o r  depth i n  va r ious  p a r t s  of t h e  
watershed a r e a  during t h e  i n i t i a l  s t a g e  of flow. 
5.3. S e l e c t i o n  of t h e  Time I n t e r v a l  
The s e l e c t i o n  of an appropr i a t e  time i n t e r v a l  i s  important  f o r  
t h e  accuracy and s t a b i l i t y  of t h e  numerical  s o l u t i o n .  This  t i m e  i n t e r v a l  
a l s o  a f f e c t s  d i r e c t l y  the  amount of computer time r equ i red  f o r  t h e  s o l u t i o n .  
I n  t h e  p r e s e n t  s tudy,  where Ax i s  f i x e d ,  A t  i s  chosen such t h a t  t h e  
fo l lowing i n e q u a l i t y  ( S t r e e t e r  and Wylie, [ 1967 ] )  w i l l  be  s a t i s f i e d  f o r  a l l  
g r i d  p o i n t s :  
eos0 
B V  + JB ( B  - l ) V2 B case + h*) 
F 0 
!< 





where 0 < M < 1. 
I n  t h e  f i n a l  a n a l y s i s ,  a v a l u e  of M = 0.9 i n s t e a d  of 1 i s  used 
a s  an upper  bound* I n  t h e  computer s o l u t i o n  i t  was observed t h a t  i n  most 
c a s e s  t h e  v a l u e  of M = 0.9 gave a  v e r y  l a r g e  v a l u e  of A t  which would r e s u l t  
i n  a n e g a t i v e  v e l o c i t y .  Such a  r e s u l t  i s  due t o  t h e  high n o n l i n e a r  
v a r i a t i o n  i n  t ime and space  of t h e  v e l o c i t y  and dep th .  The assumption of  
l i n e a r i t y  i n  d e f i n i n g  t h e  c h a r a c t e r i s t i c s  w i t h i n  t h e  t ime i n t e r v a l  A t  i s  
t h e r e f o r e  i n c o r r e c t ,  Also ,  a d i r e c t  r e s u l t  of t h e  h igh  v a r i a t i o n  i n  
v e l o c i t y  and dep th  i s  t o  produce an  u n r e a l i s t i c  f r i c t i o n  s l o p e  i n  a r e a s  o f  
s m a l l  Reynolds number where t h e  f r i c t i o n  c o e f f i c i e n t  i s  high and v a r i e s  
f - r a p i d l y  w i t h  r e s p e c t  t o  Reynolds number, Thus, a v a r i a b l e  A t  i s  used and d6 

If
p k e p t  always below t h e  l i m i t  p r e s c r i b e d  by M = 0 . 9 ,  The v a l u e  of  A t  i s  
b 
g k e p t  ve ry  s m a l l  n e a r  t h e  i n i t i a l  t ime  pe r iod  when t h e  flow h a s  a  very 
k 
5;. 
p s m a l l  Reynolds number, The s p e c i f i c  v a r i a t i o n  i n  t h e  t ime i n t e r v a l  A t  t oR 

R8; b e  used  i n  t h e  a n a l y s i s  w i l l  b e  d i s cus sed  l a t e r .  

1; 5 , 4 ,  T e s t i n g  t h e  F r i c t i o n - C o e f f i c i e n t  Equations1; 
F! m-lfie s u c c e s s f u i  t e s t i n g  of t he  proposed conceptual  watershedK 

model depends on t h e  u s e  of a p p r o p r i a t e  f r i c t i o n - c o e f f i c i e n t  equa t i ons .  
bjk 2 The d i f f i c u l t y  i n  f i n d i n g  a p p r o p r i a t e  f r i c t i o n - c o e f f i c i e n t  equa t i ons  i s  
g

B mainly due t o  t h e  unknown e f f e c t  which t h e  r a ind rop  impact ha s  on t he  wate r -  
$; 
3 
shed f l ow ,  Because of t h e  uns teady  and nonuniform f low c o n d i t i o n  under 
2 
c o n s i d e r a t i o n ,  a v a i l a b l e  f r i c t i o n - c o e f f i c i e n t  e q u a t i o n s ,  which t a k e  i n t o  tg 
pi 

$i account  o n l y  t h e  Reynolds number, r e l a t i v e  roughness ,  and t h e  c ro s s -8 
# 
R s e c t i o n a l  shape  of p r i s m a t i c  channe l s ,  cannot be  a p p l i e d  w i th  r e l i a b i l i t y .  
$76 I n  t h i s  s t u d y  t h r e e  sets of f r i c t i o n - c o e f f i c i e n t  equa t i ons  a r e  used i nk
& 
$ D
k o r d e r  t o  de te rmine  which set  would g i v e  r e s u l t s  t h a t  agree  b e s t  w i th  t h e  
9i 
expe r imen ta l  d a t a ,  
1g 
I n  t h e  f i r s t  s e t  of equat ions  ( S e t  1 )  t h e  e f f e c t  of r a i n f a l l  
* 
impact i s  descr ibed  by t h e  overpressure  head, h , and t h e  f r i c t i o n  coe f f i -  
c i e n t  i s  g iven  by t h e  laminar  flow equa t ion ,  Eq, ( 2 , 3 9 )  wi th  C = 2 4  f o r  
overland f low,  by t h e  B las ius  equat ion ,  E q ,  ( 3 . 4 0 ) ,  o r  by t h e  P rand t l -  
Kgrmsn loga r i thmic  equat ion ,  Eq, (2 ,41 ) .  For t h e  channel flow, the same 
cons tant  C = 24 i s  used because the  s i d e  s lopes  of t h e  t r i a n gu l a r  c ross- . 
s e c t i o n  a r e  very  smal l .  
I n  t h e  second s e t  of equat ions  (Set  2 )  an i n c r e a s e  i n  f r i c t i o n ,  
A£, i n s t e a d  of an overpressure  head i s  considered t o  account  f o r  t h e  r a in -  
drop impact .  Thus e f f e c t  i s  considered only i n  t h e  laminar  flow regime by 
i n c r e a s i ng  t h e  va lue  of C t o  76 i n  Eq .  (2 .39 j  (Wenzei [ i 9 7O ] j .  For 
o t h e r  f low regimes, the  Blas ius  and t h e  Prandtl-KSrmgn equat ions  a r e  used.  
I n  t h e  t h i r d  s e t  of equat ions  (Se t  3 ) ,  t h e  second s e t  of equa-
t i o n s  i s  used except  w i th  C = 40 i n s t e a d  of 76 f o r  reasons  which w i l l  be 
expla ined  l a t e r  i n  t h i s  s e c t i on .  
5 . 4 , l .  Resu l t s  f o r  Equations Se t  1 
For t h i s  s e t  of f r i c t i o n - c o e f f i c i e n t  equat ions  t h e  r e f e r ence  
q u a n t i t i e s  a r e  computed, according t o  t h e  method descr ibed  i n  Sec t ion  5.1, 
as  given i n  Table 1. The f r i c t i o n  c o e f f i c i e n t ,  f 
o 
is  computed by the 
Blas ius  equa t ion  because Eq. (2.42) g ives  ??2 = 511.9,  Eq .  (2 .44)  g ives  
R3 = 13480, and Ro = VoRo/v = 2091. 
For t h e  computed r e fe rence  q u a n t i t i e s ,  t h e  dimensionless  i n i t i a l  
time f o r  t = 23,5 s e c  i si n  
Then t h e  range of a v a r i a b l e  dimensionless  A t  i s  used a s  fo l lows:  
Dimensionless Time Adopted Dimensionless A t  
0 ,738 t o  0.750 0 ,001 
0.751 t o  0.778 0,003 i 
0.781 and a f t e r  0 .01  
TABLB 1. 	Reference Quan t i t i e s  f o r  F r i c t i on -  
Co e f f i c i e n t  Equa t ions  
F r i c t i on -Coe f f i c i e n t  Equa t ions  
Reference 






The computed and expe r imen ta l  ou t f low hydrographs are  compared 

as shown i n  F i g ,  7 ,  From t h e  comparison, t h e  fo l l owing  may be  no t ed :  

(a)  The rfsing limb of t h e  computed hydrograph has  a s t e e p e r  s l o p e  than  
t h a t  of  t h e  expe r imen ta l ,  (b )  t h e r e  i s  a good agreement i n  t h e  magnitude 
of t h e  exper imenta l  and computed peak d i s cha rges ,  ( c )  t h e  c r e s t  segment o f  
t h e  computed hydrograph i s  s h a r p e r  t han  t h a t  of t h e  exper imenta l  hydro- 
g r aph ,  and (d )  t h e  shape  of t h e  r e c e s s i o n  i s  t h e  same f o r  b o t h  hydrographs.  
The s t e e p e r  s l o p e  i n  t h e  r i s i n g  limb of t h e  computed hydrograph 
i s  ma in ly  due t o  t h e  f a c t  t h a t  t h e  v a l u e  of t h e  f r i c t i o n  c o e f f i c i e n t  used 
for f l ow  w i t h  r a i n f a l l  i s  too  s m a l l .  I n  E q ,  (2 ,19)  t h e  t e r n  




r e p r e s e n t s  t h e  i n f l u e n c e  of t h e  r a ind rop  impact i n  terms of an  o v e r p r e s s u r e
* 
head ,  h  *. Thi s  term can b e  added t o
*
t h e  f r i c t i o n  c o e f f i c i e n t ,  f ,  t o  g i v e  
an e q u i v a l e n t  f r i c t i o n  c o e f f i c i e n t ,  f , o r  
where A f  i s  t h e  added i n f l u e n c e  of r a ind rop  impact eva lua t ed  from E q .  (2 .193 
8gD R h-*,R, ah, 
A f  = oo-- - cos e 
L v2 D* v2 ax, z 
o r  i n  d imens iona l  q u a n t i t i e s  a s  
F igu re s  $a and 8b show the  f low p r o f i l e s  f o r  channel  and ove r l and  
f lows  r e s p e c t i v e l y .  I t  may be  no t ed  t h a t  dur ing  t h e  f i r s t  h a l f  of t h e  
60-sec d u r a t i o n  of r a i n f a l l ,  t h e  f low depth i n  most p a r t s  of t h e  wate rshed  
i s  uns t eady  and n e a r l y  uniform. The un i formi ty  i m p l i e s  t h a t  ah/ax = 0 ,  
which r e s u l t s  i n  A £  = 0 by Eq .  (5 1 5 ) .  Therefore ,  f o r  a ' major  p a r t  of t h e  
wate r shed  and du r ing  f i r s t  h a l f  of t h e  r a i n f a l l  d u r a t i on ,  t h e r e  i s  p r a c t i c a l l y  
no i n f l u e n c e  of  t h e  r a ind rop  impact .  This  r e s u l t  seems t o  be  one of t h e
* 
main d i s advan t ages  i n  u s ing  t h e  ove r p r e s s u r e  head ,  h  f o r  exp re s s ing  t h e  
i n f l u e n c e  of t h e  r a ind rop  impac t ,  
F i gu r e s  8 t o  12 g i v e  p a r t  of  t h e  a n a l y t i c a l  r e s u l t s  ob t a ined  f o r  
t h e  f i r s t  s e t  of f r i c t i o n - c o e f f i c i e n t  e qua t i on s ,  
5 . 4 .2 .  R e s u l t s  f o r  Equat ions  S e t  2 
S i n c e  t h e  ove rp re s su re  head does n o t  r e p r e s e n t  t h e  i n f l u e n c e  of 
t h e  r a i nd r op  impact  s a t i s f a c t o r i l y ,  a second se t  of f r i c t i o n - c o e f f i c i e n t  
e qua t i on s  i s  t h en  t r i e d .  
Experimental  d a t a  a t  t h e  Un i v e r s i t y  of I l l i n o i s  (Wenzel [1970]) 
have i n d i c a t e d  t h a t  f o r  s t e ady  ove r l and  f low w i t h  r a i n f a l l  t h e  i n f l u e n c e  
of t h e  r a i nd r op  impact can be  expressed  by an  i n c r e a s e  of t h e  f r i c t i o n  
c o e f f i c i e n t ,  f .  Th is  a d d i t i o n a l  f r i c t i o n  c o e f f i c i e n t  can  be  i nco rpo ra t ed  
i n t o  t h e  f r i c t i o n  equa t ions  by u s ing  an app rop r i a t e  v a l u e  f o r  t h e  c on s t an t  
C i n  Eq. ( 2 .39 ) .  For f lows i n  t u r b u l e n t  range ,  however, t h e  l im i t e d  
amount o f  d a t a  i n d i c a t e d  t h a t  t h e r e  is no s i g n i f i c a n t  i n c r e a s e  i n  f r i c t i o n  
due t o  r a i n f a l l .  
For  t h e  p r e s en t  example w i t h  r = 5 .51  i n . / h r  and s l ope  = 0.01 ,  
t h e  a p p r o p r i a t e  v a l u e  of C i s  taken  a s  76 & t h  r a i n f a l l  and . a s  24 w i thou t  
r a i n f a l l .  The r e f e r en c e  q u a n t i t i e s  a r e  g iven  i n  Table  1. Consequent ly ,  
R2 = 2381 f o r  C = 76, R3 = 13810 and Ro = 2041. Thus, f o i s  computed by 
u s ing  Eq.  ( 2 . 39 )  w i t h  C = 76. The d imens iona l  i n i t i a l  t ime  i n t e r v a l  i s
* 
= 0 . 7  and t h e  range  of a d imens ion less  A t  i s  a s  fo l l ows  :i n  
Dimensionless  Time Adopted Dimensionless  A t  
0 . 7  t o  0 ,739 0.001 
0.740 t o  0 ,798 0,002 
0.800 t o  0.998 
1 .001  and a f t e r  
The computed hydrograph i s  p l o t t e d  i n  F i g .  7. The r i s i n g  limb e x h i b i t s  two 
c h a r a c t e r i s t i c  segments.  The segment under  r a i n f a l l  r i s e s  very  s lowly  
( a )  For Channel F l o w  
Channel 
Slope = 0 .81  
t = 55 .8  sec 
F i g .  8 .  Computed Flow P r o f i  les U s i n g  Friction-
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F i g .  10. Computed Discharge D i s t r i b u t i o n s  U s i n g  
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F i g .  12. Computed Reynolds Number D i s t r i b u t i o n s  Us i n g  Friction-
Coe f f i c i e n t  Equat ions Set 1 
which i n d i c a t e s  t h a t  t h e  v a l u e  of C = 76 i s  too  h igh .  The segment w i thou t  
r a i n f a l l  rises w i t h  a  v e r y  s t e e p  s l o p e  because  of t h e  sudden r e duc t i on  
i n  f low r e s i s t a n c e .  The hydrograph has  a l s o  a r e c e s s i o n  p a r t  which h a s  
t h e  same shape  as t h e  exper imenta l  hydrograph. There i s  a l s o  agreement 
i n  magnitude between t h e  computed and exper imenta l  peak d i s ch a r g e s ,  b u t  
. 
t h e  c r e s t  segment of t h e  computer hydrograph i s  s h a r p e r  t han  t h a t  of t h e  . 
expe r imen ta l  hydrograph. 
5 . 4 , 3 ,  Re su l t s  f o r  Equat ions  S e t  3  
A f t e r  t e s t i n g  the proposed wate rshed  model w i t h  C = 76 and r e a l i z i n g  
1 1 1 1 3  V ~ A U F ;  --Gt L - kL L L ~ LtL'- ---l*-- UI c is t-G high,  a 2e-g lQp7ers y~ l u eof C equa l  to 40 is then 
chosen. For t h e  t h i r d - s e t  of f r i c t i o n - c o e f f i c i e n t  e qua t i on s ,  t h e  r e f e r en c e  
q u a n t i t i e s  were t hose  f o r  t h e  f i r s t - s e t  equa t i ons  a s  g iven  i n  Table  1, f o r  
C = 40, R 2  = 1012 and R o =  2091 w i t h  R3 = 13480. Thus, t h e  f r i c t i o n  
c o e f f i c i e n t  i s  computed by t h e  B l a s i u s  e qua t i on  a s  i n  t h e  f i r s t - s e t  
equa t i ons .  
The v a l u e s  of t h e  adopted d imens ion less  A t  a r e  a s  fo l l ows :  
Dimensionless Time Adopted Dimensionless A t  
0.738 t o  0 ,760 0.001 
0.911 and a f t e r  
The computed ou t f low 'hydrograph i s  shown i n  F i g .  7 .  It can  be 
s e en  t h a t  f o r  C = 40, t h e  agreement between t h e  computed and exper imenta l  
hydrographs ha s  been improved .  Th i s  computed hydrograph shows a good 
agreement w i t h  t h e  exper imenta l  d a t a  i n  t h e  r i s i n g  l imb ,  i n  t h e  magnitude 
of t h e  peak d i s cha rge ,  and i n  t h e  shape of t h e  r e c e s s i on .  But t h e  c r e s t  
segment of t h e  computed hydrograph i s  s t i l l  sha rpe r  t h a n  t h a t  of t h e  
expe r imen ta l  one.  
At t h i s  p o i n t  no f u r t h e r  a t t emp t s  a r e  made t o  improve t h e  c r e s t  
segment by modifying t h e  f r i c t i o n - c o e f f i c i e n t  equa t i ons .  Because t h e r e  a r e  
many f a c t o r s  t h a t  w i l l  a f f e c t  t h e  hydrograph,  any " f i t t i n g "  of t h e  computed 
-
hydrograph t o  t h e  exper imenta l  hydrograph by changing t h e  v a l u e  of t h e  
parameters  i n  t h e  f r i c t i o n - c o e f f i c i e n t  wi thout  p h y s i c a l  - J u s t i f i c a t i on  
would b e  meaning less ,  The disagreement  of t he  computed and exper imenta l  
hydrographs may b e  a l s o  due t o  t h e  d i f f e r e n c e  a t  t h e  exper imenta l  and 
computed cond i t i ons  because t h e  f low i n  t h e  exper imenta l  watershed i s  
a c t u a l l y .  two-dimensional, whereas it i s  one-dimensional i n  t h e  conceptua l  
model. 
P a r t  of t h e  a n a l y t i c a l  r e s u l t s  us ing  t h e  t h i r d  set  of f r i c t i o n -
c o e f f i c i e n t  equa t i ons  i s  shown i n  F i g s .  1 3  t o  17. 
5 .5 .  The Hydrograph f o r  Channel S lope  Equal t o  0.02 
I n  o rde r  t o  i n v e s t i g a t e  t h e  e f f e c t  of t h e  channel  s l o p e ,  t h e  
preced ing  example i s  now analyzed w i t h  channel s l o p e  equa l  t o  0.02. Other  
g iven  cond i t i on s  f o r  t h e  a n a l y s i s  a r e  kep t  t h e  same except  t h a t  t h e  r a i n f a l l  
i n t e n s i t y  i s  s l i g h t l y  h i ghe r  o r  e qua l  t o  5.575 i n . / h r  i n s t e a d  of 5 .51  i n . / h r .  
By us ing  t h e  concept of ove rp re s su re  head,  t h e  computed out-  
f low hydrograph i s  shown t oge t h e r  w i t h  exper imenta l  d a t a  i n  F i g .  18 .  For 
t h e  computat ion,  t h e  i n i t i a l  dep th  i s  taken  a s  0 .002 f t  and t h e  minimum 
i n i t i a l  dep th  a s  0.0015 f t .  Th is  cho i ce  of t h e  i n i t i a l  c ond i t i on s  i s  
guided by t h e  same reasons  exp l a ined  i n  Sec t i on  5 .2  f o r  t h e  case of channel  
s l o p e  e qua l  t o  0.01. The r e l a t i v e l y  sma l l e r  depth f o r  t h e  c a s e  of 0.02 
s l o p e  i s  based  on t h e  p o s t u l a t i o n  that f o r  a s t e e p e r  s l o p e  t h e  g r a v i t a t i o n a l  
f o r c e  i s  r e l a t i v e l y  g r e a t e r ,  
It may b e  no ted  t h a t  t h e  computed hydrograph i s  i n  b e t t e r  agree-  
ment w i t h  t h e  exper imenta le  d a t a  t han  i n  t h e  preced ing  example w i t h  mi lder  
channel  s l o p e  u s ing  t h e  same f r i c t i o n - c o e f f i c i e n t  equa t i ons  set 1 (F i g .  7 ) .  
This  s i t u a t i o n  may be  exp l a ined  by F i g ,  99 where a  h a l f  of t h e  watershed i s  
shown. I n  t h e  f i g u r e ,  a  p a r t i c l e  of wa t e r  a t  a c e r t a i n  t i m e  i s  assumed 
a t  p o s i t i o n  A. According t o  t h e  proposed model, t h e  p a r t i c l e  w i l l  fo l low 
an average  p a t h  AB i n  t h e  over land  f low and then a p a t h  CD i n  t h e  channel 
f low,  But ,  i n  r e a l i t y ,  t h e  p a t h  i s  much d i f f e r e n t  a s  i t  should  fo l low such  
p a t h s  a s  AHF o r  AG. A s  t h e  channel  s l o p e  becomes m i l d e r  and t h e  s i d e  
s l ope s  s t e e p e r ,  t h e  p a t h s  of t h e  wa te r  p a r t i c l e s  would b e  c l o s e r  t o  those  
assumed i n  t h e  proposed model,  
The re fo re ,  f o r  channe l  s l o p e  equa l  t o  0 .01,  t h e  a c t u a l  pa ths  
of wa t e r  p a r t i c l e s  a r e  c l o s e r  t o  t hose  assumed i n  t h e  model t h an  those  f o r  
( b )  For Over land F low  
Channel 
Slope = 0,01 
F i g .  13. Computed Flow P r o f i l e s  Using F r i c t i o n - C o e f f i c i e n t  Equat ions Se t  3 

( a )  For Channel F l ow  
t = 6 2 . 9  .set 
Channel 
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F i g .  15. Computed D ischarge  D i s t r i b u t i o n s  Us ing 
F r i c t i o n - C o e f f i c i e n t  Equa t i ons  Se t  3 
(a )  For Channel F l o w  
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F i g .  16. Computed Froude Number Distributions U s i n g  
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F i g .  17. 	 Computed Reynolds Number D i s t r i b u t i o n s  Using 
F r i c t i o n - C o e f f i c i e n t  Equations Set 3 

F i g .  19. Average Pa ths  o f  a Water P a r t i c l e  
on the Expe r imen ta l  Watershed 
channe l  s l o p e  equa l  t o  0.02. A s  a r e s u l t ,  t h e  r i s i n g  limb of t h e  exper i -  
menta l  hydrograph r i s e s  e a r l i e r  t han  t h a t  of t h e  computed hydrograph. For 
channe l  s l o p e  e qua l  t o  0 ,01 ,  t h e  r i s e  i s  e a r l i e r  f o r  t h e  computed hydro- 
graph because  of t h e  n e g l i g i b l e  e f f e c t  of t h e  r a ind rop  impact through t h e  
use of  t h e  ove rp re s su re  head,  For channel  s l op e  e qua l  t o  0 .02 ,  t h e  l a ck  
of s i g n i f i c a n t  f r i c t i o n  i n c r e a s e  seems t o  cause an  e a r l y  r i s e  of t h e  -
hydrograph t h a t  co inc ides  w i t h  t h e  exper imenta l  d a t a .  Therefore ,  f o r  
channel  s l op e s  s t e e p e r  t han  t h e  s i d e  s l o p e s ,  t h e  s imu l a t i on  of t h e  flow 
cond i t i on  by t h e  proposed model i s  l e s s  r e a l i s t i c .  
5 .6 .  The Hydrograph f o r  Channel S lope  Equal t o  0.005 
The a n a l y s i s  f o r  channel  s l o p e  equa l  t o  0 , 02  has  i n d i c a t e d  t h a t  
t h e  proposed model can b e  more r e l i a b l e  f o r  channel  s l op e s  m i l d e r  than 
t h e  s i d e  s l ope s  of t h e  wate rhsed .  On t h e  b a s i s  of t h i s  conc lus ion ,  t h e  
ou t f low hydrograph f o r  channel  s l o p e  e qua l  t o  0.005 i s  computed. The, r a in -  
f a l l  cond i t i ons  a r e  s im i l a r  t o  t hose  of t h e  p r ev ious  example except  t h a t  
t he  r a i n f a l l  i n t e n s i t y  i s  s l i g h t l y  h i g h e r  o r  equa l  t o  5.616 i n , / h r  i n s t e ad  
of 5 .51  o r  5.575 i n . / h r .  The i n i t i a l  depth i s  chosen a s  0.003 f t  and t h e  
minimum depth  a s  0,0025 f t ,  
The computed ou t f low hydrograph u s ing  ove rp re s su re  head concept 
i s  i n  F i g ,  20 t og e t h e r  w i t h  t h e  exper imenta l  hydrograph,  The computed 
hydrograph e x h i b i t s  s im i l a r  c h a r a c t e r i s t i c s  a s  t ho s e  i n  F ig .  7 ,  Thus, 
f o r  channe l  s l o p e  0.01, t h e  u s e  of t h e  overpressure-head concept f a i l s  t o  
r e p r e s e n t  t h e  i n f l u enc e  of  t h e  r a ind rop  impact i n  t h e  model, 
Then, a  new hydrdgraph i s  computed by t a k i n g  t h e  cons t an t  C i n  
Eq .  (2 .39)  e qua l  t o  40. Th i s  v a l u e  of C ha s  been found t o  be most s a t i s -
f a c t o r y  f o r  t h e  ca se  of channe l  s l o p e  equa l  t o  0 , 0 1  u s ing  f r i c t i o n - c o e f f i c i e n t  
equa t i ons  s e t  3 (Sec t i on  5 . 4 . 3 ) .  
The computed hydrograph u s ing  C = 40 is  a l s o  shown i n  F ig .  20. 
Although t h e  e a r l y  p a r t  of t h e  r i s i n g  l imb dur ing  r a i n f a l l  i s  i n  good agree-  
ment w i t h  t h e  exper imenta l  d a t a ,  t h e  r e c e s s i on  p a r t  does no t  seem t o  f i t  
t h e  l a t t e r  ve ry  w e l l .  Th is  d i sc repancy  may b e  a t t r i b u t e d  t o  t h e  neg l igence  
of t h e  f r i c t i o n  e f f e c t  due t o  uns t ead ines s  and nonuniformity of  t h e  flow 
cond i t i on  i n  t h e  model, 

6 ,  THE COMPUTER PROGRAM 
As  d i s cus sed  p r ev i ou s l y ,  t h e  s u r f a c e  runof f  of t h e  watershed 
f low can b e  d iv ided  i n  two p a r t s :  t h e  channel-flow p a r t ,  and t h e  over land-  
f low p a r t ,  I n  t h e  computer s o l u t i o n ,  t h e  d i s t a n c e  i n t e r v a l  of t h e  g r i d  
p o i n t s  is chosen t o  be  one f o o t  f o r  both channel and over land  f l ows .  -
Figu re  21 shows t h e  l o c a t i o n  of t h e  over land f lows w i t h  r e s p e c t  t o  t he  
g r i d  p o i n t s  of t h e  channel  f low.  The f i r s t  n i n e  over land  f lows a t  t h e  
upstream end of t h e  channel  f low a r e  spaced a t  one f o o t  a p a r t .  Then t h e  
r e s t  a r e  spaced a t  f ou r - foo t  i n t e r v a l s ,  Such a combinat ion of  g r i d  po i n t s  
and ove r l and  f lows r e s u l t s  i n  a channel  f low wi th  41 g r i d  p o i n t s  and 17 
over land  f l ows ,  The l e ng t h  of t h e  over land  flow i s  cons idered  a s  t h e  
d i s t a n c e  between t h e  i n t e r s e c t i o n  of t h e  over land and channel  f lows  and 
t h e  upstream end of t h e  over land  f low.  The number of g r i d  p o i n t s  f o r  t h e  
over land  f lows  v a r i e s ,  depending on t h e  l e ng t h  of i n d i v i d u a l  over land  f low.  
Such a combination of over land  f lows i s  used because t h e r e  i s  a h igh ly  
non l i n e a r  v a r i a b i l i t y  i n  dep th ,  v e l o c i t y ,  and l a t e r a l  i n f l ow  n e a r  t h e  up- 
s t ream boundary of t h e  channel  f low,  Thus, a very  c l o s e  spac ing  of t h e  
over land  f lows  i s  necessary  f o r  t h e  r eg ion  near  t h e  upstream boundary, I n  
o r d e r  t o  avo id  l a r g e  e r r o r s  and s ave  computer t i m e ,  a v a r i a b l e  spac ing  of 
over land  f lows i s  adopted.  The computer program a l s o  p rov ides  f o r  t he  
use  of  v a r i a b l e  d i s t a n c e  i n t e r v a l ,  Ax, of t h e  g r i d  p o i n t s .  
The computer program i s  w r i t t e n  i n  a FORTRAN I V  language f o r  
t h e  computer I BM  360/75. A g ene r a l  f low cha r t  of t h e  computer program i s  
shown i n  F ig .  2 2 ,  
According t o  t h e  s t r a t e g y  of t h e  s o l u t i o n ,  t h e  computer program 
c o n s i s t s  of  t h e  "MAIN" program and a s e r i e s  of SUBROUTINE and FUNCTION 
subprograms l i s t e d  i n  Tables  2 and 3, r e s p e c t i v e l y ,  I n  t h i s  program 
a d i s k  i s  used where a l l  t h e  subprograms could be  s t o r e d .  The u s e  of t h e  
d i s k  h a s  proved t o  be  ve ry  h e l p f u l  because i t  r e s u l t e d  i n  sav ing  bo th  
manual and computer t ime.  
The computer program t akes  5 t o  6 minutes  t o  compute each  of  t h e  
hydrographs p r e sen t ed  i n  t h i s  s t udy .  The main f e a t u r e s  of t h i s  program 
a r e  t h e  c a p a b i l i t y  t o  cons ide r  a v a r i a b l e  t ime i n t e r v a l ,  a v a r i a b l e  g r i d  
p o i n t  d i s t a n c e  i n t e r v a l ,  a combination of over land f l ows ,  and v a r i ou s  
G r i d  Po i n t s  
1 
2 
L Over land Flow 
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TABLE 2 .  The SUBROUTINE Subprogram 

(See  Appendixes f o r  d e t a i l e d  

d e s c r i p t i o n )  

O b j e c t i v e  
To p r o v i d e  t h e  g e n e r a l  framework of o p e r a t i o n s  i n  t h e  
s o l u t i o n  which i s  d e s c r i b e d  by t h e  f low c h a r t  of 
F i g .  2 2 .  
To compute r e f e r e n c e  q u a n t i t i e s  as d e s c r i b e d  i n  Sec- 
t i o n  5 . 1 .  
To compute g e o m e t r i c  q u a n t i t i e s  a t  any g i v e n  c r o s s  
s e c t i o n .  
To compute t h e  i n i t i a l  c o n d i t i o n s  a s  d e s c r i b e d  i n  
S e c t i o n  5 . 2 ,  
To w r i t e  r e s u l t s  of t h e  s o l u t i o n .  
To g i v e  h y d r o l o g i c  d a t a  a t  each  t i m e  and p o i n t  i n  s p a c e .  

To compute f r i c t i o n  c o e f f i c i e n t ,  

To compute l a t e r a l  i n f l o w  from o v e r l a n d  f l o w  a t  any g r i d  

p o i n t  of  t h e  c h a n n e l  f l o w ,  

To e v a l u a t e  t h e  d i m e n s i o n l e s s  t i m e  i n t e r v a l .  

( a )  To compute t h e  l e n g t h  and t o t a l  number of g r i d  p o i n t s  
f o r  any o v e r l a n d  f l o w ;  (b) t o  compute t h e  f l o w  c o n d i t i o n  
a t  t h e  i n t e r i o r  p o i n t s  of any t y p e  o f  f low.  
To compute f l o w  q u a n t i t i e s  f o r  t h e  c h a r a c t e r i s t i c  equa- 
t i o n s  by l i n e a r  i n t e r p o l a t i o n .  
To s o l v e  t h e  sys tem of two c h a r a c t e r i s t i c  e q u a t i o n s .  
To d e t e r m i n e  t h e  l o c a t i o n  of a c r i t i c a l  s e c t i o n .  
To s o l v e  i n t e r n a l  boundary Case 2 as d e s c r i b e d  i n  
S e c t i o n  3 . 4 . 2 .  
' 	To compute d e p t h  and v e l o c i t y  a t  t h e  l e f t  s i d e  o f  an  
i n t e r n a l  boundary ,  
To compute d e p t h  and v e l o c i t y  a t  t h e  r i g h t  s i d e  o f  an 

i n t e r n a l  boundary.  

TABLE 2 .  (Continued) 
Name Ob jec t i ve  
FINDJ To s o l v e  i n t e r n a l  boundary Case 1 a s  
Sec t i on  3 , 4 . 1 ,  
de sc r ibed  i n  
UPBOU To compute f low cond i t i ons  
any type  .of f low.  -
a t  t h e  upstream boundary of 
CONT To compute t h e  depth and v e l o c i t y  a t  t h e  upstream bound- 
a r y  us ing  t h e  c o n t i n u i t y  cond i t i on  a s  de sc r ibed  i n  
Sec t i on  3 .1 .  
DOWBOU To compute f low cond i t i ons  
of t h e  channel  f low.  
a t  t h e  downstream boundary 
BOSS To s o l v e  t h e  system of E q s .  
s e c t i o n  3 .2 .  
(3.12) and (3.16) of 
To compute f low cond i t i ons  
of any over land  f low.  
a t  t h e  downstream boundary 
TABLE 3. The FUNCTION Subprograms 
(See  Appendixes f o r  d e t a i l e d  
d e s c r i p t i o n )  
N a m e  Ob j e c t i v e  
DXSC To compute t h e  d imens ion l e s s  d i s t a n c e  o f  a g r i d  p o i n t  
of  a f l ow  from t h e  cor respond ing  ups t ream boundary.  
DEL To g i v e  e i t h e r  d ep th  o f  v e l o c i t y  a t  t h e  downstream 
boundary,  o r  t h e  l e n g t h  o f  t h e  o v e r l a nd  f low c o r r e -
spond ing  t o  any g r i d  p o i n t  of t h e  channe l  f low.  
DPF To compute t h e  d imens ion l e s s  o v e r p r e s s u r e  head .  
FTEST compute t h e  q u a n t i t y  numbe-mr 
geomet r ic  c h a r a c t e r i s t i c s  of t h e  wate rshed .  It i s  a l s o  p o s s i b l e  t o  con-
sider various r a i n f a l l  p a t t e r n s  by modifying t h e  s ub rou t i n e  STORM, v a r i ou s  
f r i c t i o n - c o e f f i c i e n t  equa t i ons  by t h e  sub rou t ine  FRIC,  va r ious  i n i t i a l  
c ond i t i on s  by t h e  sub rou t ine  I N I CON ,  and v a r i ou s  boundary c ond i t i on s  by 
t h e  s ub rou t i n e s  UPBOU, BOWBOU, and DOWBIN. A d e t a i l e d  d e s c r i p t i o n  of t h e  
cornputer.pnrograrn i s  p re sen t ed  i n  t h e  Appendixes, 
7 ,  CONCLUSIONS 
A computer s o l u t i o n  of t h e  I l l i n o i s  Hydrodynamic Watershed 
Model I1 ha s  been  formulated and t e s t e d  w i t h  exper imenta l  d a t a .  I n  t h i s  
s t udy  t h e  fo l l owing  conc lus ions  can b e  summarized: 
(1) Mathematical  s imu l a t i on  of watershed f low by a  hydrodynamic -
model c o n s i s t i n g  of channel  and ove r l and  flows i s  f e a s i b l e .  The computer 
program developed t o  s o l v e  t h e  model can b e  used f o r  wate rsheds  of  va r ious  
geomet r ic  f e a t u r e s  and r a i n f a l l  p a t t e r n s .  
(2 )  The proposed model seems t o  g i v e  b e s t  r e s u l t s  f o r  channe l  s l opes  
m i l d e r  t h an  t h e  s i d e  s l o p e s  of t h e  wate rshed ,  because t h i s  i s  t h e  cond i t i on  
by which t h e  s u r f a c e  runof f  is  s imu la t ed  as i n  t h e  exper imenta l  watershed.  
( 3 )  Accuracy i n  p r e d i c t i n g  t h e  f r i c t i o n  c o e f f i c i e n t  i s  an  impor tan t  
f a c t o r  i n  ob t a i n i ng  s a t i s f a c t o r y  r e s u l t s .  The need f o r  more i n fo rma t ion  
on f r i c t i o n  c o e f f i c i e n t  i s  t h e r e f o r e  e v i d en t  i n  t h i s  s t udy .  The l a c k  of 
s u f f i c i e n t  knowledge on t h e  i n f l u e n c e  of  uns t ead ines s  and nonuniformity 
of f l ow  cond i t i on s  and t h e  r a ind rop  impact e f f e c t  i s  c l e a r l y  shown i n  t h e  
incomple te  agreement between t h e  expe r imen ta l  d a t a  and t h e  computed r e s u l t s .  
( 4 )  The i n f l u enc e  of r a ind rop  impact  i s  found t o  b e  i n s u f f i c i e n t l y  
r e p r e s en t ed  by t h e  overpressure-head concept .  However, t h e  s t udy  shows 
t h a t  f r i c t i o n  c o e f f i c i e n t  i n  Darcy-Weisbach form w i t h  a va lue  of  C equa l  
t o  40 i n  Eq .  (2 .39 )  f o r  l aminar  f low t o  account  f o r  t h e  e f f e c t  o f  r a i n f a l l  
ha s  proved t o  g i v e  t h e  b e s t  agreement of  t h e  computed r e s u l t s  w i t h  t h e  
expe r imen ta l  d a t a  under cons ide ra t i on .  
(5) P r ope r l y  de f ined  boundary and i n i t i a l  c ond i t i on s  a r e  impor tan t  
i n  t h e  mathemat ica l  model t o  g i v e  good r e s u l t s .  The choice  of t h e  i n i t i a l  
c ond i t i on s  was based  on expe r i ence  and t h e  need f o r  an a n a l y t i c a l  approach 
i s  recognized .  
(6)  It must b e  mentioned t h a t  t h e  one-dimensional s imu la t i on  of 
s u r f a c e  runo f f  i n  t h e  model may a l s o  b e  t h e  cause of t h e  imper fec t  f i t t i n g  
of the cumputed r e s u l t s  w i t h  t h e  exper i rnentai  da t a .  Also,  b e t t e r  knowledge 
on boundary c ond i t i on s  i s  needed f o r  ob t a i n i ng  good r e s u l t s  of a n a l y s i s .  
( 7 )  The numer ica l  s o l u t i o n  of t h e  hydrodynamic equa t i ons  of  t h e  model 
i n d i c a t e s  t h e  fol lowing:  
( a )  For t h e  upstream boundary of t h e  over land  f lows and channe l  
f low,  t h e  u s e  of t h e  c o n t i n u i t y  equa t i on  i n s t e a d  of t h e  C- c h a r a c t e r i s t i c  
g i v e s  s a t i s f a c t o r y  r e s u l t s ,  
(b )  For s u b c r i t i c a l  channel  flow w i t h  a f r e e  f a l l  a t  t h e  down- 
s t r e am  boundary, t h e  use  of t h e  c o n t i n u i t y  equa t i on  r e s u l t s  i n  accep t ab l e  
s o l u t i o n s  f o r  t h e  depth and v e l o c i t y .  
( c )  The con s i d e r a t i on  of  no e f f e c t  on t h e  over land  f lows due 
t o  t h e i r  i n t e r s e c t i o n  w i t h  t h e  channel  flow seems t o  b e  an accep t ab l e  
approximat ion,  Any a t t emp t  t o  r a t i o n a l i z e  t h i s  assumption w i l l  be  u n r e a l i s t i c  
because  i n  t h e  a c t u a l  exper imenta l  watershed t h e r e  i s  no such d i s t i n c t  
boundary between channel  and over land  f lows.  
(d)  A  method i s  developed f o r  determining any i n t e r n a l  discon- 
t i n u i t y  i n  t h e  f low p r o f i l e .  At p r e s e n t ,  i t  i s  imposs ib l e  t o  check t h e  
accuracy  of t h e  method because  t h e r e  i s  no exper imenta l  d a t a  a v a i l a b l e  
f o r  v e r i f i c a t i o n .  
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APPENDIX 1, THE "MAIN" PROGRAM 
Th i s  program i s  k ep t  ve ry  s h o r t  i n  l eng th  because eve ry  p a r t  of 
t he  program which has  been t e s t e d  s u c c e s s f u l l y  i s  s t o r e d  a s  a SUBROUTINE i n  
t h e  disk, 
. I n  t h e  MAIN program t h e  v a r i a b l e  QQQ denotes  t h e  cumulat ive out- 
pu t  from the watershed,  i n  cub ic  f e e t ,  which at the beginning is equa l  to 
zero.  The common s t a t emen t  /NQ/ i s  used t o  t r a n s f e r  t h e  v a l u e  of QQQ t o  
t h e  s u b r o u t i n e  EVAL where a t  each t ime s t e p  t h e  cumulat ive ou t pu t  i s  computed. 
The v a l u e  of QQQ can be  used t og e t h e r  w i t h  t h e  cumulat ive i n p u t  and t h e  
s t o r a g e  on t h e  watershed t o  check i f  t h e  c on t i nu i t y  c ond i t i on  of  t h e  lumped 
system is  s a t i s f i e d .  Such a check i s  necessary  because  i t  can r e v e a l  any 
major e r r o r  i n  t h e  whole program. 
The v a r i a b l e  R24 i s  t h e  Reynolds number R of F ig .  4 f o r  C = 24 ,2 
and i t  i s  computed accord ing  t o  E q ,  ( 2 . 4 3 ) .  The v a l u e  of R24  i s  needed i n  
t h e  s ub rou t i n e s  REFER and FRIC where i t  is  t r a n s f e r e d  by t h e  common s t a t emen t  
/RV/ .  Sometimes when two v a l u e s  of C a r e  used i n  E q .  (2 .39)  (Sec t i on  5 . 4 . 2  
o r  5 . 4 . 3 ) ,  an a d d i t i o n a l  Reynolds number i s  computed f o r  t h e  second va lue  
of C. Both Reynolds numbers a r e  i nc luded  i n  t h e  common s t a t emen t  /RV / ,  
Then, s ub r ou t i n e  OLDMA p re sen t ed  i n  Appendix 2 is  c a l l e d ,  
C THE M A I N  PROGRAM 
C 
COMMON/NQ/QQQ 
COMMON /WV / R 2 4  
R 2 4 = ( 2 4 , / 0 , 2 2 3 ) * * ( 4 0 / 3 @ 1  
WR I T E ( 6 9 1 0 0 )  8 2 4  
100 F O RMA T 4 / / 2 X ?  ' R 2 4 = '  ~ E 1 O o 4 1  
QQQ=O,O 
TE=P6O, 
C Tf I S  THE MAX I MUM  T I M E  ( S E C O N D S )  UP TO  WH I CH  THE SOLUTION W I L L  
C PROCEED 
CALL O L D M A ( T E 9  
STOP  
END 
APPENDIX 2. SUBROUTINE "OLDMA" 
Th i s  s ub r ou t i n e  can b e  cons idered  a s  t h e  nuc leus  of t h e  computer 
program. It i s  t h e  p a r t  of t h e  MAIN program where t h e  most g ene r a l  
op e r a t i on s  a r e  performed. 
I n  s ub rou t i n e  OLDMA, t h e  f i r s t  o p e r a t i on  i s  t h e  read ing  of t h e  . 
d a t a ,  The d a t a  i n c l ude  a l s o  some of t h e  r e f e r en c e  q u a n t i t i e s  which w i l l  
b e  computed l a t e r  bu t  a r e  t aken  equa l  t o  ze ro  a s  an i n i t i a l  s e t  of  va lue s .  
The s u b s c r i p t e d  v a r i a b l e  DX(1, J) r e p r e s e n t s  t h e  d imens ion less  g r id -po in t  
d i s t a n c e  Ax. Th i s  s ub s c r i p t e d  form a l lows  t h e  u se  of v a r i a b l e  Ax i n  t h e  
channe l  and over land  f lows .  The s u b s c r i p t  I denotes  t h e  type  of f low;  
e . g . ,  I = 1 f o r  over land  f low,  and I = 2 f o r  channel f low.  The s u b s c r i p t  
J deno te s  each v a l u e  of t h e  se t  of Ax" f o r  t h e  corresponding t ype  of  flow. 
I n  t h i s  program on ly  two va lues  of Ax a r e  cons idered  f o r  each type  of flow. 
The v a r i a b l e s  LLC and LLO g i v e  t h e  t o t a l  amount of g r i d  p o i n t s  i n  t h e  
channel  and ove r l and  f lows,  r e s p e c t i v e l y .  For Ax = 1 f o o t ,  LLC = 4 1  and 
LLO = 21  ( s e e  F ig .  21) .  
According t o  t he  programming, each flow i s  des igna t ed  by an  
i ndex  number. Thus, each one of t h e  17 over land  flows h a s  i n  i ndex  which 
ranges  from 1 t o  17  s t a r t i n g  w i th  t h e  over land  flow No. 1which corresponds 
t o  t h e  ups t ream boundary of t h e  channel  f low and proceeding downstream t o  
t h e  l a s t  ove r l and  f low No. 17 (F ig .  21) . F i n a l l y ,  t h e  channel  f low i s  
des igna t ed  w i t h  an  index number equa l  t o  18.  The v a r i a b l e  NC i s  t h e  index 
number o f  channe l  flow. The t o t a l  number of over land  f lows  on t h e  watershed 
i s  then  NC - 1. 
The v a r i a b l e s  NSS and EJNN a r e  c o n t r o l  v a r i a b l e s  for t h e  amount 
of t h e  p r i n t e d  ou tpu t .  The i r  u s e  w i l l  b e  expla ined  i n  s ub rou t i n e  OUTPUT. 
The v a r i a b l e  SS i s  a l s o  a c o n t r o l  v a r i a b l e  which is  used i n  s ub rou t i n e  
OUTPUT. 
The n e x t  s e t  of op e r a t i on s  i s  f o r  t h e  computation of r e f e r e n c e  
q u a n t i t i e s  and governing parameters .  P a r t  of t h e  r e f e r e n c e  q u a n t i t i e s  i s  
computed i n  s ub rou t i n e  REFER. Then, by c a l l i n g  s ub rou t i n e  I N I CON ,  t h e  
i n i t i a l  c ond i t i on s  a r e  s p e c i f i e d .  
The ou tpu t  i s  p r i n t e d  by c a l l i n g  sub rou t ine  OUTPUT. 
I n  sub rou t ine  EVAL, t h e  dimensionless  t ime i n t e r v a l  A t  i s  computed. 
Then t h e  t ime i s  checked t o  de te rmine  whether t h e  execu t ion  of  t h e  program 
shou ld  be  cont inued o r  n o t ,  
The n ex t  impor tan t  s t e p  i s  t h e  computation of channe l  flow and 
ove r l and  f lows.  I t  must b e  no t ed  t h a t  on ly  one over land  f low i s  computed 
h e r e  because no downs tream boundary c ond i t i on  ( s e e  S e c t i on  3.3) a f f e c t s  
t h e  f l ows ,  and t h e  upstream boundary cond i t i on  i s  t h e  same f o r  a l l  f lows. 
The v a r i a b l e s  QQ and Q a r e  t h e  d i s cha rges  a t  the  o u t l e t  of t he  
wate rshed  a t  t ime s t e p s  d i f f e r i n g  by A t .  They a r e  used i n  s ub rou t i n e  EVAL 
where t h e  cumulat ive ou tpu t  from t h e  b a s i n  i s  a l s o  computed, 
The f i n a l  op e r a t i on  i s  t o  change the t i m e  index  of t h e  v a r i a b l e  





D IMENSION Y ( 4 1 ~ 1 8 ~ 2 1 v V ( 4 1 v 1 8 r 2 ) ~ V J L ( 4 1 q l 8 ~ 2 ) , Y J L ( 4 l y l 8 ~ 2 ) ~ V J K ( 4 l 9 L  

l R ~ 2 1 r Y J R ( 4 1 r 1 8 ~ 2 ) ~ X E ( 4 1 s 1 8 p 2 ) r X J D O T ( 4 1 ~ l ~ ~ 2 ) ~ V V ( l 7 ~ 2 ) ~ Y Y ( l 7 ~ 2 ) v X X (  

2 1 7 ~ 2 ) r L L ( l f l ~ Z ) ~ Y M I N I ( 4 l r l 8 ) p D X ( Z p 2 )  

D I M E N S I O N  H(25)sB(25),HH(15)pBB(lO) 

COMMON Y , V , V J L , Y J L I V J R , Y J R ~ X E , X J D O T ~ V V ~ Y Y , X X ~ I - L / Y M I / Y M I N ~ / P A R A M / H V  

~ B ~ H H ~ B B , D T / S T O R / B O ~ T I I . ~ E V U ~ L L ~ / X W / D X ~ L L C ~ I V C ~ L L O  
C 
C READ THE INPUT DATA 
C 
R E A D ( 5 r 8 8 8 )  ( B ( I ) r I = l r 2 3 )  
8 8 8  F O R M A T ( B F 1 0 e 4 / E l 0 ~ 4 y 7 F 1 0 . 4 / 7 F 1 0 ~ 4 )  
C 
C B (  1 )  I S  THE REFERENCE MAXIMUM I N T E N S I T Y  [IF KAII \ IFALL(RO) IIV/HR 
C B ( 2 )  I S  THE REFERENCE LENGTH OF THE B A S I N  ( L O )  F T  
C B ( 3 )  I S  THE TERMINAL VELOCITY OF RAINDROP (LAMDA)  FT/SEC 
C B ( 4 )  I S  THE REFERENCE ANGLE OF I N C L I N A T I O N  OF T H t  B A S I N ( S I N T H E T A 0 )  
C 525) I S  THE REFSRzNCE ANGLE BETWEEN K A i N F d i i  D i R t C r i i - ~ i "  Ap.jij 
C VERTICAL D I R E C T I O N  ( P h I Z I )  
C B ( 6 )  I S  THE REFERENCE V E L O C I T Y  ( V O 1  FT/SEC 
C B ( 7 )  I S  THE MClMENTUM COEFF, ( B E T A )  
C B ( 8 )  I S  THE REFERENCE F R I C T I O N  COEFF. ( F O )  
C R ( 9 )  I S  THE K I N E M A T I C  V I S C O S I T Y  OF THE F L U I D ,  FT**Z /SEC 
C B ( 1 0 )  I S  THE ANGLE OF I N C L I N A T I O N  OF THE B A S I N  ( S I N T H E T A Z I )  
C E ( 1 1 )  I S  THE ROUGH,VESS MAGNITUDE ( K 1  F T  
C B ( 1 2 )  I S  THE REFERENCE DEPTH OF FLOW ( H O )  F T  
C B ( 1 3 )  I S  THE REYNOLDS NO, AT THE REFERENCE POINT 
C B ( 1 4 )  I S  THE DISCHARGE I N  CFS AT THE UPSTREAM END 
C B ( 1 5 )  I S  THE MOMENTUM COEFF. OF THE RAINDROP ( B E T A R )  
C B ( l 6 )  I S  THE I N F I L T R A T I O N  RATE ( I )  I N / H R  
C B ( 1 7 )  I S  THE LATERAL INFLOW OR OUTFLOW ( Q L )  F T * * 3 / S E C * F T  
C B ( 1 8 )  I S  THE MOMEN. CIIEF. FOR THE LATERAL INFLOW OR OlJTFLOW(BETAL) 
C B ( 1 9 )  I S  THE TOP WIDTH AT THE REFERENCE POINT 
C B ( 2 0 )  I S  THE HYDRAULIC DEPTH AT THE REFERENCE PCJINT 
C B ( 2 1 )  I S  THE HYDRAULIC R A D I U S  AT THE REFERENCE P O I N T  
C B ( 2 2 )  I S  THE CROSS-SECTIONAL AREA AT THE REFERENCE P O I N T  
C B ( 2 3 )  I S  THE R A I N F A L L  I N T E N S I T Y  ( R )  I N / H R  
C 
READ( 5 , 8 8 7 )  B B ( 2  vBB(  1 0 )  
8 H 7  FORMAT(ZF10,4 )  
C 
C B B ( 1 0 )  I S  THE SLOPE OF THE B A S I N  ON THE L E F T  OR RIGHT ( S I N  THETAL)  
C B B ( 2 )  I S  THE LENGTH OF THE B A S I N  ON THE LEFT OR R I G H T  
C, 

R E A D ( 5 p 8 8 h )  D X ( ~ ~ L ) ~ D X ( ~ ~ Z ) ~ D X ( ~ ~ ~ ) ~ D X ( ~ ~ ~ ) P L L C ~ N C ~ L L O  
8Rh  F O R M A T ( 4 F l O m 4 v 3 1 3 )  
R E A 0 ( 5 , 3 8 5 )  NSSFNNN 
8 8 5  F O R M A T ( 2 1 3 )  
C 
C COMPUTATION OF THE REFERENCE Q U A N T I T I E S  AND PARAMETERS USED I N  




B (  4 ) = A T A N ( T A N )  
8 ( 1 0 ) = 8 ( 4 )  
H ( 1 5 ) = C O S ( B ( 1 0 ) )  
TAN=BB(lO)/SQRT(l.-BB(10)**2) 










C QO I S  THE REFERENCE DISCHARGE 
C 
C A L L  R E F E R ( O 0 )  
C 
4 H ( 1 ) = 8 ( 7 )  
C H ( 1 )  I S  THE MOMENTUM COEFF, AS B ( 7 )  
H ( 2 ) = 8 ( 2 3 ) / 8 ( 1 )  
C H ( 2 )  I S  D IMENSIONLESS R A I N F A L L  I N T E N S I T Y  
H ( 3 ) = 0 ,  
C H ( 3 )  I S  .......... 

H ( 4 ) = ( 3 2 . 2 * 8 ( 2 0 ) * C U S ( 8 ( 4 ) ) / 8 ( 7 ) ) / ( 8 ( 6 ) * 8 ( 6 ) )  
C H ( 4 )  I S  1 /FO**2  
H ( 5 ) = C O S ( B ( 4 ) )  
C H ( 5 )  I S  C O S ( B ( 4 ) )  
H ( 6 ) = 8 ( 3 ) / B ( b )  
C H ( 6 )  I S  DIMENSIONLESS TERMINAL VELOCITY 
H ( 7 ) = B ( Z ) / ( B ( Z O ) * H ( 5 ) )  
C H ( 7 )  I S  KO 
H ( 8 ) = B ( 8 )  
C H ( 8 )  I S  9 ( 8 )  I .E.  THE REFERENCE F R I C T I O N  COEFF. 
H ( 9 1 = 0 ( 1 3 )  I 
C H ( 9 )  I S  B ( 1 3 )  I.E. THE REYNOLDS NO. AT THE REFERENCE P O I N T  
H (  1 0 ) = 0 .  
C H ( 1 0 )  I S  ..... 
H (  l l ) = B ( l l ) / B ( 2 1 )  
C H ( 1 1 )  I S  THE DIMENSIONLESS ROUGNESS S I Z E  
H (  1 2 ) = 0 .  
C H ( 1 2 )  I S  . e * a a . m .  
H (  1 3 ) = 0 ,  
C H ( 1 3 )  I S  e * - e s * a . e  
H (  1 4 ) = R (  1 4 ) / 0 0  
C H ( 1 4 )  I S  THE DIMENSIONLESS DISCHARGE AT X=O.O 
H H ( l S ) = C O S ( B B ( I O ) )  
C H ( 1 5 )  I S  C O S ( B ( 1 0 ) )  
H ( 1 6 ) = B ( 1 6 ) / 8 ( 1 )  
C H ( l 6 )  I S  THE DIMENSIONLESS I N F I L T R A T I O N  RATE 
H ( 1 7 1 = ( B ( 1 7 ) * H ( 5 ) ) / ( 8 ( 2 0 ) * B ( 6 ) )  
C H ( 1 7 )  I S  THE DIMENSIONLESS LATERAL INFLOW OR OIJTFLOH 
H (  1 8 ) = 0 ,  
C H ( 1 8 )  I S  * . - x e * e e  
H (  1 9 ) = 0 e  
C H ( 1 9 )  I S  ...e.o.. 
H ( 2 0 ) = O .  
C H ( 2 0 )  I S  
H ( 2 1 ) = 0 *  
C H ( 2 1 )  I S * * q a q * *  
H ( 2 2 ) = 0 m  
C H ( 2 2 1 ,  I S  .ee.e.e. I 
H (  2 3 ) = 0 . 0  
C H ( 2 3 )  I S  . e e o e e * * *  
C 
W R I T E (  6,861 
8 6  F O R M A T ( 4 6 H l  TABLE OF I N P U T  DATA ANO GOVERNING P A R A M E T E R S / / / )  
DO 8 7  I = l r  2 3  
8 7  W R I T E ( b v 8 R )  I r 8 ( I ) ~ I v H ( I )  
8 H  F O R M A T ( / 5 X ~ 2 H B ( ~ I 2 ~ 2 H ~ ~ ~ E 1 O D 4 ~ 1 5 X v 2 H H ~ ~ I 2 ~ 2 H ~ ~ ~ E l O ~ 4 ~  
b l R l T E ( h ~ R 5 )H R ( L ) v R B 1 1 0 ) v H H ~ 1 5 1 9 L L C ~ N C o L L 0  
H S  F O R M A T ( / / 5 X ~ 6 H A L ( 2 ) = p E 1 O I 4 / 5 X ~ B L ( 1 O ) = 7 E l O ~ 4 / 5 X ~ 7 H H L ~ l 5 ~ ~ ~ E l O ~ ~ ~ ~  
1Xp4HLLC=,13/5X,3HNC=~13/5XP4HLLO=p13) 

CALL I N I C O N  
ss=o,o 
2 2  	CALL OUTPUT(SS7MSSPNNNI 

CALL EVAL ( Y  ?V ILL 

W R I T E ( b v 7 7 7 )  

7 7 7  F O R N A T ( / / / / 2 X p 4 6 H * * * * t * * * 8 * * f * * ~ o * * ~ * 1 $ * t * * * * * * * * * * * * * * * * * * * * * * * / 2 X  

1 7 4 b H *  NEW STEP * a * *  NEW STEP **** NEW STEP * / 2 X p 4 b H * * * * * * * * *  

2*** * * *%*** * *43t *+** * * * * le I t r4* * * *4*82r*2r4)  
2 5 2  	T T T T = T I M E  

L>TTT=TTTT>kB( 2 1 /R ( 6 1  

I F ( T E - U T T T )  4 4 4 7 4 4 4 , 4 4 5  

4 4 4  RETURN 
4 4 5  T IME=TIME+DT 
C 
C CHANNEL FLOW 
C 
C ***** INTERIOR P l l I N T S  ********** 
CALL I N T P T S ( N C * & 2 5 2 )  
f, ***** UPSTREAM BOUNDARY ****** 
CALL lJPHDU( NC 
C ***** DOWNSTREAM BUUNOARY * * * *a * * * * *  
CALL UOWBOU(C252) 
C 




DO 1 2 6  N = l r N C C  

CALL INTPTS ( N 7 6 2 5 2  

IF (N.EQ.1)  GO TO 335 

L L F = L L I N v Z ) - 1  

DO 336 I = l r L L F  

V ( I r N , 2 ) =  V ( I v 1 9 2 )  
Y(  I r N 9 2 ) =  Y ( I v l r 2 )  

V J R ( I p N p Z ) =  V J R ( 1 v l p Z )  

Y J R (  I , N 1 2 ) =  Y J R (  1 9 1 1 2 )  

Y J L ( I r N 1 2 ) =  Y J L ( I , l , Z )  

, V J L (  I r l \ l t 2 ) =  V J L ( I r l r 2 )  

X E ( I r N 9 2 ) =  X E ( T g l o 2 )  

336 XJOOTf I v N p 2 ) = X J D O T I  1 ~ 1 ~ 2 )  

GO TO 337 

3 3 5  C A L L  UPBOU(N1 

3 3 7  CALL DOWBIN(N)  

1 2 6  CONTINUE 

L 
C GO ON I T E R A T I O N  
C 
09=9 
, DO 3 3 4  N = 1  ,LLC 

Y ( N p N C e l ) =  Y ( N 9 N C 9 2 )  

V ( N 9 N C v l ) =  V ( N 9 N C v Z )  

X J D O T I N ~ N C ~ I ~ = X J D O T ( N ~ N C , ~ )  

X E ( N 9 N C o l ) =  X E ( N v N C p 2 )  

VJR(N,NC, l )=  V J R ( N q N C 9 2 )  

Y J R I N ? N C p l ) =  Y J R ( N v N C p 2 )  

Y J L ( N o N C T l ) =  Y J L ( N r N C 9 2 )  

3 3 4  	V J L ( N s N C v 1 ) = V J L ( N r N C v 2 )  

DO 333 N = l p N C C  

V V ( N 9 1 ) = V V ( N 9 2 )  

Y Y ( N v l ) = Y Y ( N 9 2 )  

X X ( N , l ) = X X ( N v 2 )  

L L ( N y l ) = L L ( N 9 2 )  

L F F = L L l N , Z )  

DO 333 I = l r L F F  

V ( I t N , l ) =  V ( 1 9 N ~ 2 )  
Y ( I v N 9 1 ) =  Y ( I 9 N v Z )  

V J R I I ~ N ~ ~ ) = V J R ( I V N I Z )  

Y J R ( I ~ N I L ) = Y J R ( I V N ~ ~ )  

Y J L (  I ? N I ~ I = Y J L ( I I N P Z )  

V J L ( I I N I ~ ) = V J L ( I , N I ~ )  

X E ( I r N y l ) =  X E ( 1 v N v Z )  
3 3 3  	X J D O T ( I q N q l ) = X J D O T ( I I N , 2 )  

L L ( N C T l ) = L L I N C ? Z )  





APPENDIX 3 .  SUBROUTINE "REFER" 
I n  s ub rou t i n e  REFER t h e  r e f e r e n c e  q u a n t i t i e s  f o 9  R o y  Vo3 Ao9  
ho,  To, Do ,  Ro, and A a r e  computed accord ing  t o  t h e  method desc r ibed  i n  0 
Sec t ion  5.1. This  sub rou t ine  was programmed f o r  C = 24  i n  E q .  (2,39).  
For  any o t h e r  v a l u e  of C t h e  common s t a t emen t  /RV/ should  be  changed a s  i n -
t h e  MAIN program f o r  t h e  a d d i t i o n a l  Reynolds number. The va lue  of v a r i a b l e  
CC should  a l s o  b e  c o r r e c t e d ,  and t h e  Reynolds number of t h e  I F  s t a t emen t  
(19th l i n e  from t h e  end of t h e  program) must b e  changed. 
I n  t h i s  sub rou t ine ,  a s ub rou t i n e  GEOM t o  b e  d i s cus sed  i n  Appendix 4 
i s  used t o  compute t h e  geometr ic  q u a n t i t i e s  of a f low c r o s s  s e c t i o n .  
SUBROUTINE R E F E R ( Q 1  
C 
C D E T E R M I N A T I O N  OF T H E  REFERENCE Q U A N T I T I E S  
C 
C THE C O M P U T A T I O N S  A R E  B A S E D  ON 1/SQRT(F)=2*ALOGP0(2*R/Kl+1s74 
C OW F=0,223/RE**0125 
C OW F = C C / W E q  
C AND Q=A*SQRT 4 8*G /F ) : #SQRT (W*S 1 
C WHERE F =  THE F R I C T I O N  F A C T O R t  W =  THE HYDRAULIC R A D I U S B  K: THE 
C ROUGHNESS S I Z E B  Q =  T H E  D I S C H A R G E l  A g T W E  C R O S S - S E C T I O N A L  A R E A p  
C S: T H E  C H A N N E L  S L O P E o  RE: THE R E Y N O L D S  NO,) AND CC I S  A CONSTANT 
6: 	 I 
C O M M 8 N / P A R A M # H ~ 2 5 ) ~ S Q 2 5 ~ y H H B 1 5 ~ ~ B B ~ 1 O ~ ~ D T / X H / D X ( 2 9 2 ~ ~ L L C 9 N C 9 L L O  

C O M M O N / R V / W 2 4  
C C = 2 4 r  
C 




3 CALL G E O W ~ 2 ~ L ~ A ~ Y ~ W ~ T ~ D ~ 2 ~ N C ~  
C 2 = S Q R T [ R B  
C3=(2~*Ak06B0(2~*W/B~P1Il+ldt74l*Ch 

D E R % = 8 , * R / ~ C O S ~ B B ~ 1 O l l ~ ~ S I N ~ B B ~ B O ~ l ~  





H F ( A B S 9 R - W K 1 1 - 0 ~ 0 0 0 0 0 1 ~  1 7 l . 9 2  
2 R = R K l  

GO TO 3 

1 B ( 6 ) = Q / A  

8 ( 1 3 1 = 8 ( 6 l * R / B ( 9 )  

R E C R ~ = E X P ~ 4 ~ ~ A L O G Q O ~ 2 2 3 * ~ ~ 2 e * A L O G 1 O I 2 e * R / B ~ ~ l ~ ~ + ~ e 7 4 ~ * * 2 ) ~ )  

C 	 R E C R I  I S  T H E  R E Y N O L D S  NUMBER FOR WHICH E Q U A T I O N S  1 / S Q R T ( F ) =  
C 	 2 * A L O G 1 0 ( 2 * R / # ) + 1 , 7 4  AND 0 ,223 /RE**0 ,25  G I V E  THE S A M E  F 
W W I T E ( 6 ~ l O h )R r B ( 6 )  
1 0 1  	F O W ~ A ~ Q / / 2 X p B W = ' ~ E B O ~ 4 ~ 3 X ~ B B ~ Q ~ ~ t ) O E 1 0 e 4 )  
W W I T E d 6 y l 0 0 )  W E C R I p B ( 1 3 )  
100 	F O R M A T ~ B / 2 X y W R E C W I = @ v E 1 0 ~ 4 t 3 X p @ B ~ P 3 ) = ~ ~ E I O e 4 )  
CHECK OF REYNOLDS NUMBER 
I F ( R E C R I - B ( 1 3 ) )  4 ,4 ,5  
WHEN F I S  G I V E N  B Y  F=Oe223/RE**8,25 
5 R = E X P ~ 4 ~ * A L Q G ( ~ ~ Q * C O S ~ B B ~ 1 C ) ~ B ~ S I N ~ B B d l O ~ ~ ~ * * l ~ 7 5 ~ * 0 ~ 2 2 ~ * S Q R T ~ S Q R T ~ ,  
1 B ( 9 ) ) ) / ( 8 w * 2 5 7 ~ 6 * S I N ~ B ( 4 ~ ~ * S Q R T ~ 2 e l ) l / 1 9 ~ l  

C A L L  G E O M ( 2 ~ L ? A r Y ? R ~ T ~ D ~ 2 ~ M G ~  

5 ( 6 1 = Q / A  

8 ( 1 3 ) = 8 ( 6 ) * R / 0 ( 9 )  

R E C R I = E X P ( 4 ~ ~ A L O G ( O , 2 2 3 * ~ ( 2 ~ * A L O G 1 O I 2 ~ * R / B ~ l l l ~ + l ~ 7 4 l * * 2 ) ) )  

WRHTE(69l.00) R E C R I y B ( 1 3 )  

CHECK O F  REYNOLDS NUMBER 

I F ( R 2 4 - 8 ( 1 3 ) )  l O 9 l O 9 l l  

1 0  B18)=Oe223/(B(E3)**0,25) 

GO T O  6 
WHEN F IS G I V E N  B Y  CC /WE  
I h  W = S Q W T ~ S Q R T ~ Q ~ 4 S Q R I ~ 2 5 7 e 6 * S I N ~ B ~ 4 ~ ~ * 4 e ~ ~ C C * B ~ 9 ~ ~ ~ S I N ~ B B ~ l Q ~ ~ * C O S ~ B B  
l(l0))))P 
C A L L  G E O M ( ~ ~ L ~ A ~ Y ~ R P V ~ D ~ ~ ~ N C )  

B ( 6 ) = Q / A  

B B 1 3 ) = € 3 ~ $ ) * R B f 3 ( 9 )  

R E C R I = E X P ~ 4 a * A L O G ~ O ~ 2 2 3 * B ~ 2 e * A L O G B O I 2 e * R / B ~ ~ 1 ~ ~ + ~ e 7 4 1 * * 2 ~ ~ ~  

W R I T E ( 6 9 1 O O )  R E C R I y B ( 1 3 )  




B (  1 9 1 - 8  
5 ( 2 0 ) = 0  








APPENDIX 4 .  SUBROUTINE "GEOM" 
For each c ros s - sec t iona l  area t h e r e  a r e  f i v e  geometr ic  q u a n t i t i e s ;  
i . e . ,  dep th  h ,  top  wid th  T, a r e a  A,  h yd r au l i c  depth D, and hyd r au l i c  rad ius  
R. Given one of t h e  f i v e  q u a n t i t i e s  t he  r e s t  f ou r  q u a n t i t i e s  can b e  
computed accord ing  t o  t h e  geometry of t h e  c ros s - sec t ion .  Subrout ine  GEOM 
computes t h e  f ou r  unknown geometr ic  q u a n t i t i e s  i n  e i t h e r  dimensional  o r  
d imens ionless  form when t h e  f i f t h  q u a n t i t y  i s  given and t h e  geometry of 
t h e  c ros s - sec t ion  i s  known. 
Case 1. Dimensional q u a n t i t i e s .  For over land  flow t h e  computation i s  
based on t h e  fo l lowing  geometr ic  r e l a t i o n s :  
where 8 i s  t h e  known angle  of i n c l i n a t i o n  of t h e  over land  flow p l ane .  
z 
These equa t ions  can b e  e a s i l y  so lved  when one of t h e  f i v e  unknowns i s  given. 
For channel  flow ( s e e  F ig .  2 ) ,  t h e  geometr ic  r e l a t i o n s  a r e  
where 8 i s  t h e  ang le  of i n c l i n a t i o n  of t h e  channel ,  and 0 L and 0 R a r e  the  z 
s i d e  angles  of t h e  t r i a n gu l a r  c r o s s  s e c t i o n  (Fig.  2 ) .  
C a s e  2 .  Dimensionless q u a n t i t i e s .  For overland flow, the  dimens i o n l e s s  
forms of t h e  E q s .  (Al) a r e ,  
cos e cose 
- z - Z 
D*Do - h*Do case D* - h* case 
0 0 
S i m i l a r i l y ,  f o r  channel  f low,  E q s .  (A2) i n  dimensionless  form a r e  
T*To 
-










- * o  
R*Ro - cos e 

h*D -z +- I ) 
0 cose ~sin8 s i n 6  
0 L R 
T, = hxr0 -
cos e 
Z ( co t eL  + coteR) 
cose1 zPA* = y T*h* -
cos.8 
0 




2h, 0 c o t 0T, = jj--- L 

0 
A , = L T ~2 * *  
This subroutine a l so  determines the  centroid depth c, (dimensionless) 
of a cross  s ec t i on  f o r  use i n  the computation of the  i n t e r n a l  boundary 
condit ions.  The centroid depth f o r  overland flow is  & = h,/2 and f o r  
-
channel f low of a  t r i angu la r  cross sec t ion  is  h, = h,/3. 
SUBROUTINE G E O M ( N S p I o A p Y Y s R ~ T p D ~ M p N N )  
C 
C TO COMPUTE GEOMETRIC Q U A N T I T I E S  I N  THE B A S I N  
L 
D I M E N S I O N  ~(25)pB(25)rHH(l5)eBB(lO)pOX(2s2) 
C O M M O N / P A R A H / H P B P H H f i D T / X W / D X o L L C q N L r L L I I  
C 	 NS DENOTES THE TYPE OF THE PROBLEM 
C 	 *** N S = l  YY I S  G I V E N  
C 	 *** NS=2 R I S  G I V E N  
C 	 *** NS=3 A I S  G I V E N  
C 	 *** N S = 4  D  I S  G I V E N  
C 	 **+ NS=5 THE CENTROID HD I S  TO BE FOUND G I V E N  YY 
C 	 "I"DENOTES THE P O S I T I O N  OF THE CROSS-SECTION AND I T S  SHAPE I S  
C KNOWN 
C 	 A I S  THE CROSS SECTIONAL AREA 
C 	 YY I S  THE DEPTH 
C 	 R I S  THE HYDRAULIC RADIUS 
C 	 T I S  THE TOP WIDTH 
C 	 D I S  THE HYDRAULIC DEPTH 
C 	 "N1' DENOTES THE FORM OF THE VARIABLES 
C 	 N = l  I S  FOR DIMENSIONLESS VARIABLES 
C 	 N=2 I S  FOR DIMENSIONAL VARIABLES 
C 	 NN I S  THE NUMBER OF FLOW 
I F ( N . E Q . 1 )  GO TO 1 0  
C 

C ***** DIMENSIONAL Q U A N T I T I E S  ***** 
C 
IF(NN.EQ.NC) GO TO 17  
C 
C 	 FOR OVERLAND FLOW 
GO TO ( 1 2 1 9 N S  
Y Y = R / H H ( 1 5 )  











C FOR CHANNEL FLOW 





Y Y = T / ( H ( 1 5 ) * ( C O T A N ( B B ( l O ) ) + C O T A N ~ B B ( 1 0 ) ) )  

GO TO 5 2  

1 8  T = Y Y * H ( ~ ~ I * ( C O T A N ( B B ( ~ ~ ) ) + 
C O T A N ( B B ( 1 0 ) ) )  









C ***+* DIMENSIONLESS Q U A N T I T I E S  *+ f * *  
L 





C FOR OVERLAND FLOW 

GO TO ( 1 3 , 1 4 , 1 5 ~ 3 0 ) p N S  
R=0.5*YY 
C R I S  NOW THE DEPTH O F  THE CENTROID 
GO TO 53  

1 3  R=YY*B(20)*HH(15)/(H(S)*Bf21)) 

5 3  A=YY*B(2O)*HH(15)/(H(5)*B(22)) 

5 4  O = Y Y * H H ( l S ) / H ( 5 )  





1 4  YY=R*B(Zl)*H(5)/(HH(15)*B(ZO)) 

GO TO 5 3  

15  YY=A*B(22)*H(5)/(HH(lS)*B(20)) 
R = A * B ( 2 2 ) / 8 ( 2 1 )  

GO TO 5 4  

3 0  Y Y = D * H ( S ) / H H ( 1 5 )  

GO TO 1 3  

C 
C FOR CHANNEL FLOW 
1 9  GO TO ( 5 0 r 3 1 v 2 1 r 3 2 ) r N S  
5 1  R=YY/3, 
C 	 R I S  NOW THE DEPTH OF THE CENTROID 
T = ( Y Y * B ( 2 0 ) * 2 . * C O T A N ( B B ( l O ) ) ) / B ( 1 9 )  
A=T*YY/Z, 





2 6  R=(YY*HH(15)*B(20))/(2.*B(21)) 











GO TO 	 2 6  








3 1  RETURN 







Subrout ine  I N I CON  i s  a l s o  p a r t  of t h e  MAIN program, which i s  
w r i t t e n  f o r  t h e  de t e rmina t i on  of t h e  i n i t i a l  cond i t i ons .  From F i g s .  1 and 
21 i t  i s  e v i d e n t  t h a t  t h e  t o t a l  length XX and consequent ly  t h e  t o t a l  number 
of g r i d  p o i n t s  LL vary  w i th  each over land  flow. Both v a r i a b l e s  depend . 
on t h e  dep th  of channel  flow. Thus, f o r  t h e  i n i t i a l  va lue  of  channel  dep th ,  
t h e  i n i t i a l  v a l u e s  f o r  LL and XX a r e  computed i n  I N I CON .  The v a r i a b l e  LLl 
i s  a c o n t r o l  v a r i a b l e  which may b e  used i n  s ub rou t i n e  STORM. 
SObRLJU T INk  I N  ICON 
TLJ D t  TEKMINE Tk l t  I N 1 ' T I  AL CIJNLJIT IONS 
U I M t N S I O N  Y ( 4 1 y l H r 2 )  p V ( 4 l ~ l N ~ 2 ) p V J L ( 4 l p l H p 7 1 v Y . I L( ' ~ l v l I I ~ / l v V ~ J H ( 4 1I9 
1 H ~ 2 l v Y J k ( 4 l v l H ~ 2 ) ~ X F ~ 4 1 v 1 R v 2 ~ p X J f l I 1 T ~ 4 1 p l H ~ 2 l ~ V V ~ l f v ~ ~ v Y Y ~ l ~ v ~ ~ ~ X ~ ~  

2 1 7 q 2 ) p L L ( l R ~ 2 ) ~ Y M I N I ( 4 1 q l R ) q D X ( 2 ~ 2 )  

13IMFNSIUN H ( ~ ~ I ~ H ( ~ ~ ) v ~ - I H ( ~ ~ I ~ B B ( ~ O I  
COMMON Y v V p V . I L 7 Y J L . v V J K v Y J R p X E p X J D U T p \ l V v Y Y v X X v L I . / Y ~ I / ~ ~ ~ I N I / P A W A M / H ~  
1 H v H H v R H r I ) T / S T L f R / l J C ! ~ T I M F v Q v L L 1 / X W / D X ~ L L C ~ N C v L L ~ I  
Y ( I q N v r )  I S  T l i k  U IMENSI I IMLFSS I J t P T H  A7 IHI- 1-111 1 1 1 < 1 1 1  1'1111.11 l i b  111t 
N-TH FLOW AN0 T I 5  A T I H k  1 N l ) t X  
V (  I , N ~r )  I S  T H ~I J I M E N S I I I N L ~ S S  V ~ L O C II Y  
I ( I N v  I I I 5  T H t  1) IMtNSIClNLFSS V k L I I C I  I Y  A l  1111- I I k I ' , I l~ t(Jk I H k  
JUMP WHICH I S  L l l C A T t l )  t l t T W k t M  T H t  ( ,K I I )  P l l l N l ' ~ 1 -1  ANIJ 
1 I l k  Tt-IF N-TH kLIJWl AND T 1'1 A TIM[.  I N I J I A 
I 1  15  ALSU 
Y J L (  I r N y  T) THE UIMENSIUNLESS I j E P r H  AT I H t  L L t I  ' ~ l l ) tI l l  1 t I t  JIIMP 
V J R ( I ~ I V , ~ I  THE IJIMENSIIINLESS V E L . I J C I ~ Y  A I  T H ~ 1 r . t i i  $ 1 1 ~ 1  1 1 t  THI-
JUMP 
Y J K (  I,N, T I  THE DIMENSIONLESS DEPTH A1 T t i t  K l ( ;Hr  ',lLlt- I l l  f l i t  JlJMP 
XF(  Ir N , T )  I S  THE- U I M E N S I U N L t S L ,  U I S T A N C t  ( I t *  THf: I.0l.A T I I IN  I l k  THk 
JLJMP kRI.JM TH: UPSTREAM BCJUNDAI?Y IJI- THI r ? - l t l  I-LIJW 
XJ[)OT( I*No T )  I S  THE I ) IMENSI ( INLESS VELI IC I  TY Ok PHIIPAGA 1 I O N  (Jk THC-
V V ( N v T  I S  THF I I IMENS I IJNLE SS VELOCITY AT T H t  IJIIWrJc,TKf A M  t4IILINDAHY 
I IF  THE N-TH LlVERLAND FLOW AND T I S  A I I M t  I N l l k X  
YY ( Ny T )  I S  THE DIMENS IONLESS DEPTH AT THf- I)IIWI\I51Kt AM HIIIIhIIJAHY 
IJk THE N-TH LlVERLAND FLlJW 
X X I M v T I  1 s  T H ~DIMENSIONLESS LENGTH OF THE N-F I I  I IVI-RLANIJ tLUW 
L L ( N y T 1  I S  THE T O r A L  NUFIREH Ilk (;KID PLIINTS (If- 1 H t  N-1H t L  IIW 
YMINI( I ? N I  IS  THE MINIMUM DIMENSIONLESS 01-PTH A r  r H t  I - r ~(IHIIJ 
PfJINT OF TIiE M-TH FLllW 

R F A U ( 5 ~ 1 0 0 1  D t L T I p Y M I N D q Y M I N N  

D f L T I  I S  THE I N I T I A L  DEPTH9 F T  

YMIND I S  THE MINIMUM DEPTH FOR OVERLANO FLOW, F-T 

YMINN I S  THE MINIMUM UEPTH FOR CHANNEL FLflWv FT 










110 111 N=lpNCC 

L L ( N v  1) = L L O  

DO 42 1 = 1 v L L O  

Y M I N I ( I v N ) = Y M I N D * H ( 5 1 / B ( 2 0 )  

V (  I v N v l l = O . O  
43 Y(~vNv11=DELTI~H(5)/8(201 

X E (  I ,N , l l=O.O 

V J R ( I I N V ~ ) = O . O  

Y J R (  IvN11)=0 .0  

Y J L (  I,Nv 1 l = O - 0  

V J L (  I y N v l I = O . O  

42 XJDOT( I q N q l ) = O . O  
I 
C FOR ORTHOGONAL AND SYMMETRIC SHAPE OF WATERSHED 
UO 1 1 2  J=ZqNCC 
or1 1 1 2  I = l v L L O  

V ( I q * l P l ) =  \ I ( 1 ~ 1 P l )  

Y ( I v J v 1 ) =  Y l 1 , l v l )  

Y M t N I ( l q J ) = Y M I N I l I v l )  

V J L ( j r J 9 l ) = O e O  

Y J L ( I I J I L ) = O , O  

Y J R (  I p J ? l ) = O . O  

VJR.( I y J 1 1 ) = 0 . 0  

X E ( T s . l r 1 ) = 0 . 0  





1 1 1  CONTINUE 
C 
C I N 1  T I A L  CIJNIJI'TIIINS F(JH CHANNtL  FLOW 
r, 
L L ( N C p l ) = L L C  

L L  ( N C , Z ) = L L C  

X E ( L L C v N C v 2 ) = O . O  

[ID 1 5  I = l t L L C  

YM!NI( I q t \ ( C I = Y l u l I N t . i * H ( 5 ) / B ( Z O I  
V (  IvNCv1 )=O.O 
Y(  l v N C v l ) = Y ( L ~ l ~ l )  

V J L ( I ~ N C I ~ ) = O ~ O  

Y J L ( I v N C v l ) = O . O  

Y J R (  IvNCv1 1 ~ 0 . 0  

V J R (  I s I V C p l  ) = 0 . 0  

X E ( I v N C v l ) = O . O  
1 5  XJOOT( Iv N C , l ) = 0 . 0  
C 
C Cf lMPUTATIr lN [ IF T H t  I N 1  l l A L  TOTAL NUMHtU Ot- G K I I j  P U I N T F  AT kACH 
C ClVEKLANll FLOW 
X 1 = 0 . 5 - ( I ) E L T I * H ( 1 5 ) / ( S I N ( B 8 ( 1 0 ) ) * B ( 2 ) 1 )  
I L = ( S I N ( H H ( ~ O ) ) * B ( ~ ) * U X ~ ~ ~ ~ ) + I ) E L T I * H ( ~ ~ ) ) / ( S I N ( H H ( ~ ~ ) ) + H ( ~ ) * D X ( ~ V ~  

1 ) )  

00 2 5  N = l p N C C  

L L ( N , l ) = L L U - I L  

C 
C I N I T I A L  VALOES Ilk XXvVV,YY 
' X X ( N v l ) = X L  
V V ( N , l ) = V ( 1 , 1 , 1 )  
2 5  Y Y ( N ~ l ) = Y ( l p l 9 1 )  
T I M E = ( U E L T I * B ( h ) / ( B ( l ) * B ~ 2 ) ) ) * 1 2 ~ * 6 0 s * b O a  




L L 1 = L L C  

CALL G E f l M ( l r L L l ~ A ~ Y ( L L l v N C ~ l l ~ f f ~ T T ~ D p l r N C )  







APPENDIX 6 .  SUBROUTINES "OUTPUT" AND "WRIT" 
These sub rou t ine s  a r e  used t o  w r i t e  t h e  r e s u l t s  of t h e  s o l u t i o n .  
I n  	s u b r o u t i n e  OUTPUT t h e r e  a r e  t h r e e  c o n t r o l  v a r i a b l e s :  SS, NSS, and IWN. 
The v a r i a b l e  SS causes  t he  FOFNAT No, 431 t o  b e  p r i n t e d  only i n  t h e  s t e p  
where t h e  r a i n f a l l  s t o p s .  Th i s  i s  achieved by s e t t i n g  SS = 8 . 0  when ra in- .  
f a l l  e x i s t s  and SS = 1 , O  when r a i n f a l l  ha s  ceased,  The v a r i a b l e s  NSS and 
NNN a r e  used t o  produce p r i n t e d  ou tpu t  on ly  every NWN s t e p s .  NSS i s  a 
c o u n t e r ,  I f  NSS = NNN, p r i n t e d  ou tpu t  i s  produced; o the rwi se ,  t h e r e  i s  





C TO WRITE THE RESULTS 

L 
DIMENSION Y ( 4 1 9 1 8 9 2 ) r V ( 4 1 , 1 8 r 2 ) q V J L ( 4 L ~ 1 8 q Z ) 9 Y J L ( 4 I v l 8 7 2 ) , V J R ( 4 I v l  
1 8 p 2 ) s Y J R ( 4 1 9 1 8 9 2 ) 9 X E ( 4 l , 1 B P 2 ~ 7 X J D O T ( 4 1 q l 8 ~ 2 ) ~ V V ~ l 7 q 2 ~ ~ Y Y ~ l 7 ~ 2 ~ ~ X X ~  

2 1 7 , 2 ) 9 L L ( l R y 2 ) r Y M I N I ( 4 1 , 1 8 ) q O X ( 2 ~ 2 )  
D I M E N S I O N  H(25)rB(25)~HH(15),BB(lO) 
COMMON Y , V ~ V J L p Y J L ~ V J R p Y J K ~ X E i X J D O T 9 V V O Y Y s X X p L L  / Y M I / Y M I N I / P A R A  
1 M / H ~ B ~ H H ~ B B ~ O T / S T O R / Q Q I T I M E ~ Q ~ L L 1 / X W / O X ~ L L C ~ N C ~ L L U  
2 2  T D I M = T I M E * B ( Z ) / B ( 6 )  





I F ( N S S - N N N )  4 5 9 2 1 7 4 5  
2 1  W R I T E ( 6 9 1 0 1 )  T I M E p T D I M  
1 0 1  FORMAT( / /2X17HAT T I M E , F 1 0 . 3 9 5 X , 2 0 H ( D I M E N S I O N A L  T IME=,F1OS4,7H SE 
1Ce I / )  
C FOR SYMMETRICAL CASE 
4 7  W R I T E ( b p 2 0 0 )  B B ( 1 0 )  






W R I T E ( 6 9 2 0 1 1  N 

2 0 1  FORMAT( / /4Xp21HOVkRLANU FLDM N U M B E R = q I 2 )  
1 1 6  CALL W R I T I N )  
4 6  W R I T E ( b y 2 0 2 )  B ( 1 0 )  
2 0 2  F O R M A T ( / / ~ X , ~ O H * ~ ~ X ~ * ~ ; Q * ~ ~ ~ ~ * ~ * ~ X ~ * * Q / ~ X , ~ ~ H ~ ~ ~ ; ~ C * * ~ ~ * * F U RF LC ANNEL 
10W OF SLOPE B ( 1 0 ) = r E 1 0 . 4 )  

CALL W R I T ( N C )  

W R I T E ( b r 2 0 3 )  

2 0 3  F O R M A T ~ / / 5 X ~ 1 H X ~ 6 X , 2 H T L ~ 9 X ~ 1 H T I 1 O X ~ 2 H X L ~ 9 X y 2 H Y L ~ 9 X ~ 2 H V L ~ Y X ~ 2 H Q L t Y X  
1 2HQD 
DO 1 1 9  I = l ? L L C  
C 
C X I S  THE DIMENSIONLESS DISTANCE OF THE CROSS S E C T I U N  FROM THE 
C UPSTREAM BOUNDARY 
C  T  L  I S  THE LEFT SEGMENT OF THE DIHENSIONLESS TOP WIDTH 
C  T  T  I S  THE DIMENSIONLESS TOP WIDTH 
C Q L I S  THE DIMENSIONLESS LATERAL INFLOW 
C QD I S  THE DIMENSIONAL LATERAL INFLOW 
C XXX I S  THE DIMENSIONLESS LENGTH OF THE COKKESPONDING OVERLAND 
C FLOW 
C YYY I S  THE DIMENSIONLESS DEPTH AT THE DOWNSTREAM BUIJNOARY OF 
C THE CORRESPONDING OVERLAND FLOW 
C VVV I S  THE DIMENSIONLESS VELOCITY AT THE DOWNSTREAM BOUNDARY OF 
C THE CORRESPONDING OVERLAND FLOW 
C 
X=OXI (NC p I )  	 I 
T L = Y ( I ~ N C ~ 1 ) + B ( 2 0 ) * H ( 1 S ) ~ C O T A N ~ B B ( 1 0 ) ) / ( 8 ~ 1 9 ) * H ( 5 ) )  





CALL L A T I N ( Y Y 9 V V v I  ,HL)  

QL=HL/2 .  

O D = Q L * B ( Z O ) + B ( b ) / H ( 5 )  

XXX=DEL ( XXo I 





1 1 9  W R I T E ( 6 q 2 0 4 1  X ~ T L ~ T T ~ X X X ~ Y Y Y ~ V V V ? C J L ~ Q D  





GO TO 4 4  

4 5  N S S = N S S + l  

4 4  CALL G E O M ( l ~ L L L ~ A L L ~ Y ( L L l v N C ~ l ) q R L L p T L L ~ D L L ~ 1 ~ N C )  





C CHECK I F  THE R A I N F A L L  W I L L  STOP I N  THE NEXT STEP 

S T I M = T  IME 

T IHE=TIME+O.Ol  

CALL S T O R M ( L L l ? N C )  

T I M E = S T I M  





4 3 3  W R I T E ( 6 q 4 3 1 )  TDIMYQ 

4 3 1  F O R M A T ( / / / 4 X p l l H N U W  AT T IME9F7e393Xp38HWHEN THE DIMENSIONLESS D I S C  

lHARGE I S  Q = q E 1 2 , 4 9 3 X s l 8 H T H E  R A I N F A L L  S T O P S / / )  

W R I T E ( 6 9 4 3 2 )  

4 3 2  FORMAT(95H WHEREVER THE F R I C T I O N  FACTOR APPEARS TO BE EQUAL TO l o +  







SUBROUTINE W R I T ( N )  
C 
C 10 WRITE THE DIMENS IONLESS VELOCITY q Of PTH AND DISCt iAH(, t  9 FKUUUt 
C NUMBER? REYNOLDS NUMBER q F R I C T I O N  C O E F F I C I E N T q  I - R I C T I O N  5LI'JPFv THE 
C D IMFNSIONAL VELUC11Y9 D t P T H  AN0 DISCHARGE, AND THk KtYI ' l I lL I jS NUMHkK 
C. FOR WHICH THF H L A S I I I S  ANU PRANOTL-KARWAN EQ(IAT10N5 G I V k  THE SAME 
C  F R I C T I I J N  C C ) E F F I C I t N T  
C 
U I M E N S I O N  Y ( 4 1 q 1 R ~ 2 ) ~ V ( 4 1 q 1 8 ~ 2 ) s V J L ( 4 ~ q 1 H q Z ) ~ Y J L ( 4 l ~ l H q ~ ) ~ V J K ( ~ l q l  

1 H ~ 2 ) ~ Y J R ( 4 l q l H ~ 2 ) ~ X E ~ 4 1 q 1 8 ~ ~ ) 9 X J O 1 1 T ( 4 l ~ l 8 ~ 2 ) q V V ~ 1 7 ~ 2 ) ~ Y Y ( 1 7 q 2 ~ 7 X X ~  

2 1 7 ~ 2 ) q L L ( 1 8 ~ 2 ) q Y M I N I ( 4 1 q L 8 ) r D X ( 2 ~ 2 )  

D I M E N S I I I N  H ( 2 5 ) 9 H ( 2 5 1 q H H ( 1 5 ) 9 B B ( l O )  
C(IMM0N Y r V , V J L 9 Y J L ~ V J K p Y J K ~ X E q X , J D O T p V V 9 Y Y ~ X X q L L / Y M I / Y M I N l / P A K A M / H y  
1 B q H H q U B ? L ) T / S T O R / O U ? T I M E q Q I L L 1 / X W / D X ~ L L C 9 N C v L L 0  
L 
C A I S  THE UIMENSIUNLESS CROSS-SECTIONAL AREA 
C Y I S  THE DIMENSIONLESS DEPTH 
C R I S  THE OIMENS I IJNLESS HYORAUL I C  RADIOS 
C T  T  I S  THE DIMENSICINLESS TOP-WIDTH 
C 0 1 5  THE I I IMENS IUNI-ESS HYDRAULIC UEPTH 
C X I S  THE DIMENSIONLESS D I S T A N C E  OF T H t  CKllSS S t C T I O N  FROM THk 
C UPSTREAM BOUNLIAKY 
C 0 I I S  THE DIMENSIUNLESS DISCHARGE 
C V I S  THE DIMENSIUNLESS VELOCITY 
C F I S  THE F K I C T I l l N  C O E F F I C I E N T  
C RENOS I S  THE REYNOLDS NUMBER 
C RECRI  I S  THE REYI'lOLOS NUMBER FOR WHICH THE BLASIIJS ANU PKANDTL-
C KARMAN EOUATIUNS G I V E  THE SAME F R I C T I O N  C O E F F I C I E N T  
C VEL I S  AVERAGE FLOW VELUCITY ACROSS FLIIW SECTII.IN 
C DFPTH I S  THE DEPTH OF FLOW 
C WFLOU I S  THE FRUUOE NUMRER 
C SF I S  THE F R I C T I O N  SLOPE 
C FLOW I S  THE DISCHARGE 
C 
W R I T E ( 6 9 1 0 2 )  
1 0 2  F O R M A T ( / ~ X ~ ~ H X I ~ X ~ ~ H V ~ ~ D X ~ ~ H Y ~ ~ O X ~ ~ H P ~ ~ X ~ ~ H F R O U U E ~ ~ X ~ ~ H K E Y N U L D S ~ ~ X  
1 ~ 5 H C R I R E q 5 X ~ 4 H F R I C q 5 X ~ 6 H S L O P E F q 6 X ~ 3 H V E L ~ 6 X ~ ~ H D E P T H q 5 X ~ 4 H b L ~ ~ W / )  

H 1 5 = H (  1 5  

IF (N.EQ.NC)  GO TU 1 0  

H i 1 5 ) = H H ( 1 5 )  

1 0  	L L F = L L ( N V l )  

I= L L C  

CALL STORM( I 9 N )  

11 C A L L  G E O H ( ~ ~ I ~ A , Y ( I ~ N ~ L ) ~ R T T T ~ D ~ ~ ~ N )  
1 3  	X=DXI  ( N 1  I )  

O I = V (  I q N q l ) + A  

C A L L  F R I C ( V ( I ~ Y l l l 9 Y ( I ~ N ~ 1 ) ~ F ~ Y M I N I ( I ~ N ) ~ R , R E N O S q K E C R i )  





I F ( Y ( I , N v l ) )  4 0 2 r 4 0 3 9 4 0 2  

4 0 3  WFLOU=O,O 

S F = F  I

.GO TO 4 0 4  

4 0 2  W F L O U = A B S ( V ( I ~ N ~ L ) / S Q R T ( H ( 4 ) * ( ~ D * H ( 1 5 I / H ( 5 ) ) + D P F ( Y ( I ~ N ~ l I ~ N ) ) I  

S F = F * V E L * V E L / ( 8 . * 3 2 0 2 * R * B ( 2 1 )  

4 0 4  FLOW=VEL*A*B ( 2 2  1 





7 7 7  F O R M A T ( 2 X q F 6 ~ 4 ~ 1 X ~ E L 0 ~ 4 ~ l X ~ E 1 O ~ 4 q ~ X ~ E 1 0 o 4 q l ~ q E 9 ~ 3 ~ l ~ q E 9 ~ 3 ~ l ~ q E 9 ~ 3 q  

H ( 1 5 ) = H 1 5 .  

IF (N.NE.NC)  RETURN 







APPENDIX 7 ,  SUBROUTINE "STORM" 
Subrout ine  STORM g ives  t h e  hyd ro log i c  d a t a  a t  each t i m e  and space 
g r i d  p o i n t s .  I t  i s  w r i t t e n  f o r  t h e  fo l l owing  cond i t i on s :  uniform r a i n -  
f a l l  over t h e  wate rshed ,  du r a t i on  of r a i n f a l l  - 60 seconds ,  and no i n f i l t r a -
t i o n .  
SUBROUT I NE  S T O R M ( % y N )  
TO  G I V E  HYDROLOG IC  D A T A  
DIMENSION H ( 2 5 ) ~ B ( 2 5 ) p W H ( l 5 ) y B B ~ I O )  

C O M M O N / P A R A M / H ~ B ~ H H O B B ~ D T / S T O R / Q Q ~ ~ I M E ~ Q V ~ ~  

T D I M = T % M E * t 3 ( 2 ) / 5 ( 6 )  
T D I M  I S  THE D IMENSIONAL T I M E  
IF(TDIM,LE,60,) RETURN  
8 ( 2 3 ) = 0 , 0  
H ( 2 ) = 0 , 0  
RETURN 
END 
APPENDIX 8. FUNCTION "DXI" 
This f unc t i on  subprogram de te rmines  the dimens ion less  d i s t a n c e  
of each  g r i d  p o i n t  of t h e  channel  o r  over land  f low from t h e  corresponding 
upstream boundary. The f u n c t i o n  DXI  i s  very  impor tan t  i n  t h e  ca se  of u s ing  
v a r i a b l e  -Ax. I n  t h e  g iven  s ub rou t i n e  on ly  one v a l u e  f o r  Ax i s  cons idered .  
FUNCTION D X I ( N y P )  
TO  DETERMINE THE D IMENS IONLESS  D I S T ANCE  FROM THE UPSTREAM  8OUNDAUY 
OF THE 1 - IH  G R I D  PO I N T  OF THE N-TH FLOW 
D IMENS I ON  DX(2r2) 
COMMON/XW/DX9bhC9NCeLLO  
C I = I  
D X I = ( C I - B e  ) * D X ( 1 9 1 )  
RETURN 
END 
I n  t h i s  sub rou t ine  t h e  f r i c t i o n  c o e f f i c i e n t  f  i s  determined 
accord ing  t o  E q s ,  ( 2 . 3 9 ) ,  ( 2 . 4 0 ) ,  and ( 2 . 4 1 )  of Sec t i on  2 . 4 .  I t  i s  w r i t t e n  
f o r  one value f o r  C equa l  t o  2 4 .  
SUBROUTINE F R I C ( V V I Y Y ~ F I Y M I N I ~ R ~ R E N O S ~ R E C R I )  
c 
C TO DETERMINE THE F R I C T I O N  C O E F F I C I E N T  
C 









C VV I S  THE DIMENSIONLESS VELOCITY 

C  Y Y  I S  THE DIMENSIONLESS DEPTH 

C F I S  THE F R I C T I O N  C O E F F I C I E N T  

C Y M I N I  I S  THE MINIMUM DIMENSIONLESS DEPTH 

C R I S  THE DIMENSIONLESS HYDRAULIC RADIUS 





I F ( Y Y - Y M I N I )  1 6 2 7 1 6 2 9 1 5 1  

1 5 1  RCC=R24 

1 0  CC=24. 

RENOS=ABS (VV*R *H ( 9  ) 1 

11 	R M = C C * ( ( 2 ~ * A L O G 1 O ~ Z ~ * R * B ( Z l ) / B ( 1 1 ) I + l o 7 4 ) * * 2 )  
IF(RM.GT.RCC) GO TO 1 2  
RECRI=RM 
C 
C RECRI  I S  THE REYNOLDS NUMBER FOR WHICH EQUATIONS l / S O R T ( F ) =  
C 2 * A L O G 1 0 ( 2 * R / K ) + 1 . 7 4  AN0 CC/RENOS G I V E  THE SAME F 
I F ( R E N 0 S - R E C R I )  1 5 5 1 1 5 5 , 1 3  
1 5 5  CONTINUE 
I F ( V V )  1 6 1 9 1 6 2 7 1 6 1  
C I F  F = 9 9 9 9 9 .  T H I S  MEANS THAT F I S  VERY LARGE I.E. I N F I N I T E  






C **** F I S  G I V E N  BY EQUATION F=CC/RENOS 





C **** F I S  G I V E N  BY EQUATION l/SQRT(F)=2*ALOGlO(Z*R/K)+l.74 
C WHERE K I S  THE ROUGHNESS S I Z E  AND R THE HYDRAULIC 
C RADIUS I N  DIMENSIONAL FORM 
1 3  F=CC/R ECR I 
RETURN 
1 2  C1=0e223*((2~*ALOG10(2~*R*B(21)/B(lll)+1.74)**2) 
RECRI=C1+*4  
C 
C RECRI  I S  THE REYNOLDS NUMBER FOR WHICH EQUATIONS l / S Q R T ( F ) =  
C Z * A L O G 1 0 ( 2 * R / K l + 1 . 7 4  AND Oe223/RENOS*+0.25 G I V E  THE SAME F 
IF(RENOS.LT.RCC) GO TO 1 5 5  




C **** F I S  G I V E N  BY EQUATION F=0,223/RENOS**0.25 

F = 0 . 2 2 3 / S Q R T ( S Q R T ( R E N O S ) )  
RETURN 
C 
C a*+* F I S  G I V E N  BY EQUATION 1/SORT(F)=2*ALOG10(2rR/K)+1.74 
C WHERE K I S  THE ROUGHNESS S I Z E  AND R THE HYDRAULIC 
C 
 RADIUS I N  DIMENSIONAL FORM 






APPENDIX 10. SUBKOUTINE l l ~ ~ ~ ~ ~ v l 
T%is sub rou t ine  is  used to determine the l a t e r a l  i n f l ow  from 
ove r l and  f l o w  a t  each g r i d  p o i n t  of t h e  channel flow. From the pa t t e rn  of 
d i s t r i b u t i o n  of the  computed overland f lows as shown i n  F ig .  21, i t  i s  
evident.thax for the grid points 1 t o  9 ,  t h e  lateral inflow i s  computed 
c i r e c t l y  f som t h e  v e l o c i t y  and depth a t  the do-mstrearn boundary of t he  
corresponding overland f lows .  For  p o i n t s  10 t o  41 ,  t h e r e  i s  a computed 
overland Slow only a t  every four grid p o i n t s ,  Thus, i n  this r e g i o n  t h e  
l a t e r a l  inflow i s  known on ly  a t  every f o u r  p o i n t s ,  and between t h e s e  
p o i n t s  the Pate ra l  inflow is detexmined by linear i n t e r p o l a t i o n .  
SUBROUTINE t A T I N ( Y Y p V V s H 9 H k B  

C 
C T O  D E T E R M I N E  THE DIMENSIONLESS L A T E R A L  INFLOW 4HLB A T  THE 1 - T H  
C G R I D  P O I N T  O F  THE CHANNEL FLOW 
Q: 





I F !  1-91 BOslO,ll 

10 H K = H  

60 	TO 14 
11 	IM=E-9 
f l N = I M B 4  
I F [  	IM-IN*4) 1 2 9 9 2 r P 3  
1 2  	I K = 9 + I N  
14 	V 1 = V V [ I K 9 1 )  
Y L = Y Y [  I K 3 1 1  






13 	J [ K = 9 + H N  





Y K = Y Y Q I K P % I  

Y K # = Y Y  B S K K P ~  

CALL G E O M ( l ~ H I ~ A M ~ V # ~ R K t T K y D K ~ l ~ I K l  





HL2=2,*VVg I K # P B ) * A # K * S ~ ~ Q ~ ~ ~ H ~ ~ ~  







APPENDIX 11. FUNCTION "DEL" 
Each g r i d  po i n t  of t h e  channe l  flow corresponds an over land  flow. 
As mentioned i n  sub rou t ine  LATIN, t h e r e  i s  n o t  a computed over land  f low 
f o r  each g r i d  p o i n t  of t h e  channel  flow. Therefore ,  q u a n t i t i e s  of over land 
flows have t o  b e  computed by i n t e r p o l a t i o n  f o r  some of t h e  g r i d  p o i n t s .  -
Th i s  s ub r ou t i n e  determines  e i t h e r  v e l o c i t y  o r  depth a t  t h e  downs tream 
boundary, o r  t h e  l e ng t h  of t h e  over land  f low corresponding t o  a g iven  g r i d  
po i n t  a t  t h e  channel  f lowo 
FUNCTION D E L ( X X 7 1 )  
TO PROVIDE E I THER  VELOCITYl OW DEPTH AT THE DOWNSTREAM BOUNDARYB 
OR L E NG TH  OF THE OVERLAND FLOW CORRESPOND ING  TO  THE I - T H  G R I D  
POINT OF THE CHANNEL FLOW 
D IMENS I ON  X X ( 1 7 7 2 8  
I F ( I - 9 )  10pl.0911 
D E L = X X $ . % P ~ )' 
RETURN 

I M = I - 9  
I N = H M / 4  




D E L = X X ( 9 + I N ~ B ) + ( ( X X ( 1 O + I N I 1 ) - X X ~ 9 + I W t l ) ~ * F L O A T ~ I M M ) / 4 ~ ~  
W ETURN 
END 
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The f low p r o f i l e  a t  the  interior po i n t s  of a f low is  computed by 
t h i s  s ub r ou t i n e .  A l l  g r i d  p o i n t s ,  excep t  t h e  two boundary p o i n t s ,  a r e  
cons idered  a s  i n t e r i o r  p o i n t s .  There a r e  two c o n t r o l  v a r i a b l e  KKK, and KK,  
which w i l l  be  expla ined  l a t e r ,  
The f i rs t  p a r t  of t h i s  s ub r ou t i n e  computes t h e  l e ng t h  XX  and t h e  
t o t a l  number of g r i d  po i n t s  LL f o r  each  over land f low.  I f  t h e  dep th  hc 
normal t o  t h e  channel  bottom is  known, t h en  t he  l e ng t h  of t h e  corresponding 
over land  f low can be computed e a s i l y  a s  shorn  i n  Fig. 1. The d i s t ance  AB,  
which i s  t h e  l e ng t h  XX, i s  equa l  t o  AC-BC. But AC i s  known (20 f e e t )  and 
BC  = hc/sinO L where 8L i s  t h e  ang l e  of i n c l i n a t i o n  of t h e  p l ane  of over land 
flow. Knowing XX, t h e  t o t a l  number of g r i d  po i n t s  i s  computed accord ing  
t o  t h e  d e s i r e d  g r i d  d i s t a n c e  Ax. The a c t u a l  computations i n  t h e  sub rou t ine  
a r e  performed w i t h  dimensionless  q u a n t i t i e s .  
I f  t h e  i n t e r n a l  g r i d  po i n t  under  c on s i d e r a t i on  i s  t h e  I - th  (Fig.  3) 
and a l l  f low cond i t i ons  a t  t i m e  t a r e  known, t h e  computat ion f o r  the i n t e r i o r  
po i n t s  s t a r t s  from upstream and then  proceeds  do--stream. Thus, i n  F i g ,  3 ,  
a l l  t h e  p o i n t s  upstream of I a t  t ime t 9 A t  a r e  assumed t o  have been  
computed, 
The a c t u a l  computation i n  t h e  sub rou t ine  starts w i t h  t h e  DO 999 
loop .  F i r s t ,  t h e  depth a t  t i m e  t i s  checked, because if i t  i s  l e s s  o r  equa l  
t o  t h e  minimum depth t h e r e  i s  no need f o r  f u r t h e r  computat ion a t  t h i s  
p o i n t .  Then, s e v e r a l  q u a n t i t i e s  a t  t h e  g r i d  po i n t s  A ,  B ,  and C a r e  com-
pu ted ,  which a r e  needed f o r  t h e  subsequent  computat ions ,  
I f  t h e r e  i s  no jump between A and B (o r  I A  and I a t  t i m e  t )  then 
proceed t o  compute t h e  Froude number a t  B and check f o r  t h e  t ype  of  flow. 
Knowing t h e  t ype  of f low,  t h e  combination of t he  c h a r a c t e r i s t i c s  t o  be used 
i s  dec ided .  Subrout ines  CWRAC and PASS compute t h e  q u a n t i t i e s  needed f o r  
t h e  c h a r a e t e r i s  t i c s  and f i n a l l y  determine t h e  v e l o c i t y  and dep th  for I a t  t i m e  
t f A t .  Then t h e  Froude numbers a t  p o i n t s  I A  and I a t  t i m e  t + A t  a r e  checked 
i n  o r d e r  t o  determine i f  t h e r e  i s  any c r i t i c a l  s e c t i o n .  I f  a c r i t i c a l  s e c t i o n  
e x i s t s ,  i t s  l o c a t i o n  i s  determined by sub rou t ine  CRISEC. Then t h e r e  i s  a 
check o f  t h e  c o n t r o l  v a r i a b l e  KKK. KKK = 2 means t h a t  t h e r e  i s  a jump 
between I A  and I a t  time t + A t  which a t  t i m e  t was upstream of A moving 
downstream. KKK = 1means t h a t  t h e r e  i s  no such a jump a s  i n  t h e  case  of 
KKK = 2.  Then, t h e  program con t inues  by assuming i n i t i a l l y  t h a t  t h e r e  i s  
no jump between I A  and I a t  t ime  t + A t .  The no-jump cond i t i on  i s  expressed 
by s e t t i n g  a l l  t h e  q u a n t i t i e s  a s s o c i a t e d  w i th  t h e  jump equa l  t o  ze ro .  
A t  t h i s  p o i n t  t h e  loop c l o s e s  and t h e  nex t  i n t e r i o r  p o i n t  i s  cons idered ,  
If t h e r e  i s  a jump, s ub r ou t i n e  JUKP i s  c a l l e d  t o  determine the 
l o c a t i o n  of  t h e  jump and t h e  q u a n t i t i e s  a s s o c i a t e d  w i t h  i t .  F igu re  23 
shows t h e  p o s s i b l e  p o s i t i o n s  of t h e  jump. I f  a jump i s  beyond t h e  g r i d  
p o i n t s  I L  o r  I C ,  t h e  t ime i n t e r v a l  A t  i s  reduced ( i n  s t a t emen t  No. 800 i n  
INTPTS) and t h e  computations f o r  a l l  p o i n t s  a r e  r e p e a t ed  u n t i l  t h e  jump is  
l o c a t e d  between I L  and IC. Such a  r e s t r i c t i o n  i s  neces sa ry  because a jump 
o u t s i d e  t h e s e  l i m i t s  i nvo lves  e x t r a p o l a t i o n s  of doub t f u l  accuracy  .(see 
S e c t i on  3*4 . 21 ,  
There a r e  t h r e e  p o s s i b l e  l o c a t i o n s  f o r  t h e  jump a s  shown i n  , 
Fig. 23. For t h e  p o s i t i o n  of the jump a t  JZ1, i t  i s  neces sa ry  t o  recompute 
t h e  g r i d  p o i n t  A\ The computations a t  A '  a r e  performed accord ing  t o  t h e  
method desc r ibed  i n  Sec%ion  3 .4 , 2  and shown i n  F fg ,  6 ( c ) ,  because  t he  f low 
t o  t h e  f i g h t  of l i n e  J -J i s  s u b c r i t i c a l .  Comparing F igs .  6 ( c )  and 231 21 
po i n t  J corresponds t o  J and J' t o  A ' .  Subrout ine  RIGHTJ computes t h e  1 
depth  and v e l o c i t y  a t  A\ I n  t h e  same manner, p o i n t  B ~ Scomputed f o r  
s u b c r i t i c a l  f low cond i t i ons .  
For t h e  p o s i t i o n  of t h e  jump J only p o i n t  B' is  computed f o r  22  
s u b c r i t i c a l  f low cond i t i ons .  F i n a l l y ,  f o r  a  p o s i t i o n  of t h e  jump a t  
JZ3' on ly  p o i n t  B' i s  computed b u t  f o r  s u p e r c r i t i c a l  f low cond i t i ons  [F ig .  
6 (b)  1. Af t e r  t h e  computations a t  A '  o r  B', t h e  Froude number a r e  checked 
i n  o r d e r  t o  determine i f  they  a r e  c o n s i s t e n t  w i th  t h e  p o s i t i o n  of  t h e  jump; 
inam, t h e  Froude number should  be  g r e a t e r  than  one a t  t h e  l e f t  of  t h e  jump 
and less than  one a t  t h e  r i g h t ,  I n  o t h e r  ca se s ,  i t  i s  assumed t h a t  the  
jump a t  t ime t + A t  has  been d i s s i p a t e d ;  i c e , ,  t h e r e  i s  no jump. 
The c o n t r o l  v a r i a b l e  KR which appears  i n  t h i s  p a r t  o f  t h e  program 
i n d i c a t e s  t h a t  f o r  KK = 2 t h e r e  i s  a jump between A' and B y  and f o r  KK = 1 
t h e r e  i s  none. 
The f i n a l  p a r t  of INTPTS i s  devoted t o  a s e a r ch  f o r  po s s i b l e  new 
jumps a t  t ime t + A t .  For t h i s  purpose ,  t h e  Froude numbers are checked 
I L L  	 IA I IC I N N  

F i g .  23.  The G r i d  P o i n t  N o t a t i o n  fo r  the  Case s f  a Jump 
and if a jump exists, subroutine FINDJ is called to determine its exact 

location and other associated quantities, 

SUBROUTINE I N T P T S ( N , * )  
c 
C 	 TO D~TERMIME V AND Y AT I Y T E R I O R  P O I N T S  
L 
DIMENSION Y ( 4 1 y 1 8 9 2 ) 9 V ( 4 1 9 1 8 9 2 ) ~ ~ L ( 4 ~ , l 8 ~ 2 ) f i L ( 4 l q l 8 q 2 ) q v J R ( 4 ~ ~ l  
1 8 7 2 ) ~ Y J K ( 4 1 , 1 8 ~ 2 ) ~ X E ( 4 l ~ 1 8 q 2 ) ~ X ~ D ~ T ~ ~ i ~ i 8 ~ Z j 9 v V i i 7 ~ 2 ~ ~ ' i Y ~ ~ ~ ~ 2 ~ q X ~ ~  

2 1 7 ~ 2 ) ~ L L ( 1 8 ~ 2 ) ~ Y M I N I ( 4 1 ~ 1 8 ~ ~ O X ~ Z p 2 )  

OIMENSIOM H ( 2 5 ) p 8 ( 2 5 ) g H H ( 1 5 ) ~ B B ( L O )  

DIMENSION T E S T ( 4 1 )  

C 	 T E S T ( 1 )  I S  THE FROUDE NUMBER-1 AT THE I - T H  POINT 
DOUBLE P K E C I S I O N  V E r D E q V D I D D ~ D X D B q D X B E q Q E q Q D  
COMMON Y I V q V J L v Y J L 7 V J R , Y J R , X E v X J D O T ~ V V q Y Y q X X 9 L L / Y M I / Y M I N I / P A R f i M / H 9  
L B T H H ~ B B ~ D T / S T O R / Q Q ~ T I M E ~ Q ~ L L ~ / X W / D X ~ L L C ~ N C ~ L L ~ / D / D % D B ~ ~ ~ T V ~ ~ Q ~ / E / D  

ZXBEpUE p V E p Q E  

H 1 5 = H (  1 5 )  

K K K = 1  

M L L = L L ( N 9 1 ) - 1  

IF(N.EQ.NC) GO TO 5 5 6  

C 
C DETERMINE X X  AND L L  FOR THE OVERLAND FLOWS 
C 
I F ( N - 9 )  6 0 9 6 0 ~ 6 1  

60 L = N  

GO TO 6 2  

6 1  L = 9 + ( N - 9 ) * 4  

6 2  X X N = Y ( L v N C 9 2 ) * ~ ( 1 5 ) * B ( 2 O 1 / ( B ( 2 ) * H ( 5 ) * S I N ( B B ( l O ) ) )  

X X ( N 9 2 ) = O a 5 - X X N  

I L L O = X X N / D X (  1 r 2  

L L ( N , Z ) = L L O - 1 - I L L O  

I F ( N . G T . 1 )  RETURN 

I F ( L L ( N ? Z ) . L T . 3 )  RETURN 

I F ( L L ( N , 1 ) . L T m 3 )  RETURN 

MLL=LL ( N 9 2  1 - 1  

I F ( L L ( N 9 1 ) . L T . L L ( N q 2 ) )  M L L = L L ( N q l ) - 1  

H (  1 5 ) = H H (  1 5 )  

C 
C START OF THE COMPUTATIONS FOR THE I Y T E K I O R  POIYTS 
5 5 6  DO 9 9 9  I = Z t M L L  
I F ( Y ( I v N ~ l j . L E . Y M I N I ( I , N ) )  GO TO 813 
. D X E = D X I ( N q I )  

C DXE 1 s  THE D I M E N S I O N L E S S  D I S T A N C E  OF THE G R I D  P O I Y T  FROM THE 

C UPSTREAM BOUNDARY 

5 4  I a = I - l  

I C = f + l  

5 1  D X A = O X ( 2 p l )  

C  DXA I S  DX BETWEEN THE I A - T H  AND I - T H  G R I D  P O I N T S  

O X C = O X ( 2 , 1 )  

C 	 OXC I S  DX BETWEEN THE I - T H  AND I C - T H  G R I D  P O I N T S  

C A L L  STORM( l e N 1  

I F ( N . N E . N C )  GO T O  50 

CPLL  L A T I N ( Y Y ~ V Y v I p H 1 B )  

C A L L  L A T I N ( Y Y ~ V V F I C P W ~ C )  

CALL  L A T I M ( Y Y p V V 9  I A p H l A )  

5 0  	C A L L  G E O M ( l T I 7  ABp Y ( I ~ N P ~ ) ~ R B , T B ~ D ~ ~ ~ ~ N )  
C A L L  G E O M ~ ~ ~ ~ C ~ ~ C ~ Y ~ I C V M , ~ ~ ~ R C ~ T C ~ D C ~ ~ P N ~  
C A L L  G E O M ( l p I A q A A p Y I I A v N ~ l ) p R A q T A ~ D A ~ l ~ M )  
K K =  1 
C 

C CHECK I F  THERE I S  ANY JUMP BETWEEN THE I A - T H  AND I - T H  G R I D  P O I N T S  

I F I Y J R ( I v N p 1 )  . E Q - O * O )  GO TO 36 

I L = I A - 1  

I L L = I L - 1  

I F (  IofQ.3) I L L = I L  

I N N = I C + l  

I F ( I , E Q , M L L )  I N N = I C  

445 C A L L  JUMP( I ~ N ~ ~ S O O ~ I A I I L ~ I L L ~ 








E K J Z z D X E - D X A - X E ( I p N , 2 )  

I F ( E K J 2 )  4 4 9 , 4 4 9 7 4 4 6  





C THE JUMP MOVED UPSTREAM OF THE I A - T H  G R I D  P O I N T  

C A L L  R I G H T J ( Y ( I A q N ~ 2 1 q V ( I A p M 9 2 ) p E K J 1 q I ~ T C q T N N g N p I A ~ I L ~ I L L )  
C A L L  G E O M ( l q I A q A I A 9 Y ( I A 9 N q 2 ) , R I A p T I A ~ D I A & N )  
T E S T ( I A ) = F T E S T ( V ( I A p N ~ 2 ) ~ D I A q D P F ( Y ( I A ~ N q 2 ) ~ N ) )  

C 	 CHECK FROUDE NUMBER 
I F ( T E S T ( I A 1 )  4 5 2 9 4 5 2 9 4 5 4  
4 5 2  	 Y J L ( I A p N , Z ) =  Y J L I I q N P 2 )  

V J L I I A v N p Z ) =  V J L ( I q N 9 2 )  

V J R ( I A , P d , Z ) =  V J R I I  p N t 2 )  

Y J R ( I A 9 N s Z I =  Y J R ( I v N v 2 )  

XJDOT(  I A p i 4 , 2 ) = X J D O T (  IqN,2) 

X E ( I A ? N s 2 ) =  X E ( I v N q 2 )  

GO TO 4 5 4  

4 4 9  ECIJ2=UXE-XE( I p N q Z )  

I F (  E M J 2 )  4 5 0 9 4 5 1  7 4 5 1  

4 5 0  E K J l z U X E - X E ( I . N ? 1 )  
C  
C THE JUMP MOVED DOWNSTREAM OF THE I - T H  G R I D  P O I N T  
C A L L  L E F T J ( Y ( I ~ N 7 2 ) ~ V ( I q N q 2 1 ~ I p E K J l r I A p I L q I L L ~ N ~ I C ~ I N N )  

CALL  G E O M ( ~ P I ~ A I ~ P Y ~ I ~ M ~ ~ ) ~ R I ~ ~ T I ~ ~ D I ~ ~ I P N ) 
. 
T E S T ( ! ) = F T E S T ( V ( I r N ~ 2 ) ~ D I 2 9 D P F ( Y ( I ~ N ~ 2 ) ~ N ) )  

C CHECK FROUDE NUMBER 
I F ( T E S T I ! ) !  4 5 5 : & 5 7 i L 5 7  
4 5 7  	 Y J L ( I C q N v 2 1 =  Y J L ( I v N q 2 )  

V J L ( I C v N , Z ) =  V J L ( I 9 N , 2 )  

V J R ( I C I N V Z ) =  V J R ( I , N 9 2 )  

Y J R ( I C , N y Z ) =  Y J R ( I I N I Z )  

X i E O T i i C q N q Z j = ~ ~ D O T ( i 9 N v Z )  

X E ( I C 9 N q 2 I =  X E ( I 9 N o 2 )  

K K K = 2  

GO TO 4 5 5  

c 
C 	 THE JUMP MOVED TO A  MEW L O C A T I O N  BETWEEN THE I A - T H  AND I - T H  G R I D  
C P O I N T S  
4 5 1  K # = 2  
4 5 4  E W J L = U X E - X E ( I I N ~ ~ )  
C A L L  R I G H T J ( Y ( I ~ N ~ Z ) ~ V ( I , N ~ ~ ) V E M J ~ ~ I ~ I C ~ I N N ~ N ~ I A ~ I L ~ I L L ~  
C A L L  G E O l d ( l ~ I r A I 2 r Y ( I ~ N ~ 2 ) ~ R I 2 ~ T 1 2 ~ D I 2 s l ~ M )  
T E S T ( I ) = F T E S T ( V ( I ~ N ~ ~ ) I D I ~ ~ D P F ( Y ( I , N , ~ ) , N ) )  
C CHECK FRUUDE NUMBER 
I F ( T E S T ( 1 ) )  4 5 8 9 4 5 8 9 4 5 5  
4 5 8  I F ( T E S T I I A ) . L E , O . O )  ##=I  
IF (KK,EQ.Z)  GO TO 9 9 9  
4 5 5  	 Y J L ( I ? N ? Z I = O . O  

V J L ( I q N q Z ) = O e O  

VJR1  I ~ N I Z ) = O , O  

Y J R (  I v N q Z I = O , O  

X J D O T ( I q N q Z ) = O - O  

X E ( l e N p Z ) = O . O  

GO TO 999 

L 
C CHECK FOR S U B C R I T I C A L I  C R I T I C A L 9  AND S U P E R C R I T I C A L  FLOW 
C 
I F (  T E S T 0  9 9 4 9 9 9 2 9 9 9 3  
9 9 4  C A L L  C H A R A C ( V ( I C ~ N ~ ~ ) ~ D C ~ V ~ I ~ W ~ ~ ~ B O B B D ~ [ C O N ~ V E ~ ~ E ~ ~ ~ ~ ~ ~ - ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  
l o €  7 - 1  * ) 
8 8 4  C A L L  C H A R A C ( V ( I A p N o 1 ) ~ D A ~ Y ( I p N B 1 ~ p D B I ~ ~ ~ ~ ~ B ~ ~ ~ D ~ ~ D ~ ~ ~ ~ l e r ~ l A ~ H ~ ~ ~ ~  
1 D P l . )  
C A L L  P A S S ( Y (  I I N 9 2 1  e V (  I p ~ ~ 2 1  I v N I  V N VI )P T I ~ E ~ Y H I N I (  

GO TO 4 0  







IF(N,EQ,NC) Q E = H l B  

GO TO 8 8 4  

9 9 3  C A L L  C H A R A C ( V ( I A I N ~ ~ ) ~ D A ~ ( I I N ~ ~ ) I D ~ V D ~ A P ~ P ~ E ~ ~ E ~ ~ X B E ? - ~ * V ~ ~ ~ ~ ~ ~ ~ ~  

l Q E 9 1 , )  

a GO TO 8 8 4  
C 
C SEARCH FOR C R I T I C A L  S E C T I O N  
L 
4 0  C A L L  G E O M ( ~ ~ I ~ A I ~ ~ Y ( I I M ~ ~ ) P R I ~ ~ T I ~ ~ ~ ~ N )  
I F ( Y ( I I N v Z ) ~ N E - O ~ O )  GO TO 1 0  

T E S T (  II=-1.. 

GO TO 11 

10 T E S T ( I ) = F T E S T ( V ( 1 9 N ~ 2 ) 9 D 1 2 p D P F ( Y ( I p N 9 2 ) ~ N ) )  
11 IF (1 ,EQ.Z)  GO T f l  4 5 5  
I F ( T E S T (  I ) )  9 7 7 9 8 8 7 ~ 8 8 6  
8 8 7  XS=DXE 
7 7 7  I F ( N . N E , N C i  GO TO 3 7  
W R I T E ( 6 v l l O )  
1 1 0  F O R W A T ( / / 2 X 7 1 9 H A T  THE CHANNEL 
GO TO 3 8  
3 7  W R I T E ( 6 9 1 0 1 )  N 
FLOW) 
1 0 1  F O R M A T ( / / 2 X 9 2 4 H A T  THE OVERLANO FLOW N O o o 1 2 )  
1 0 3  F O R M A T ( / Z X p 4 5 H I F  THERE I S  A C R I T I C A L  S E C T I O N p  
1 5 v ! 5 ~ s 9 ~ (  T 1 H E 1 F 1 0 . 4 r 7 H  / 1A T 	 1 
3 8  W R I T E ( 6 r l 0 3 )  XSYTIME 
9 7 7  I F ( K # K - 1 )  4 5 5 9 4 5 5 1 4 6 0  
460  K K K = 1  
GO T O  9 9 9  
8 8 6  I F ( T E S T ( 1 A ) )  9 9 5 7 9 7 7 7 9 7 7  
9 9 5  DDX=DXE-DXA 
I T  I S  A T  X =  7 F 1 0 ,  
C A L L  G E O M ( l r I A ~ A I A 2 ~ ~ ( I ~ ~ N ~ Z ~ ~ R I A 2 r T I A 2 r D I A 2 q l ~ ~ l  

C A L L  C R I S E C ( V ( I A V N ~ Z ) ~ V ( I ~ N P ~ ) O D D X ~ D X A ~ X S ~ D I ~ ~ ~ D ~ ~ V ~ )  

GO TO 7 7 7  

8 1 3  Y ( I P M ~ Z ) = Y M I N I ( I I N )  

V l  I v N ~ 2 ) = 0 - 0  

T E S T ( I ) = - 1 . 0  

GO T O  9 7 7  

9 9 9  	C O N T I N U E  
L .  
C SEARCH FOR A NEW H Y D R A U L I C  
C 
L l z L L ( N p 2 1 - 2  

DO 3 3 3  I = 4 9 L 1  

I A = I - l  
I F ( X E ( I q M p Z ) . N E . O . O )  GO TO 
JUMP 
3 3 3  
i F i  X E i l r N qi;.NE.GIO: G9  TO 333 
I F ( T E S T ( I ) . G T , O . O )  GO TO 3 3 3  
I F ( T E S T ( I A ) , L T . O . O )  GO TO 333 
I F ( T E S T ( 1 A ) - T E S T ( 1 ) - 0 . 0 2 )  3 3 3 9 3 3 3 ~ 3 3 4  
3 3 4  C A L L  F I N O J ( I ~ N p I - l q I - 2 q I - 3 ~ I + 1 p I + 2 )  
3 3 3  C O N T I N U E  
H (  1 5 ) = H 1 5  
RETURN 
8 0 0  	T I M E = T I M E - D T  
D T = D T / Z  e 
H (  1 5 ) = H 1 5  
RETURN 1 
END, 
APPENDIX 15.  FUNCTION "FTEST" 
This function subprogram computes the quantity: FTEST = F - 1, 
where F i s  t h e  Froude number given by E q .  ( 2 . 3 7 ) .  Thus, 
FTEST = F V .  - 1 
1 c o s z j  








Then, if FTEST > 0, t he  flow is supercritical; FTEST = Q, t h e  f l o w  is 
critical; and FTEST < 0 ,  t he  flow is subcritical. 
FUNCTION F T E S T ( V ~ ~ D ~ T D P )  
C 
C T O  D E T E R M I N E  %WE Q U A N T I T Y  -FROUBE NUMBER-1- FOR THE DIMENSIONLESS 
C V E L O C I T Y  V I 9  HYDRAULIC DEPTH Dl9 AND OVERPRESSURE HEAD DP 
C 
- * - v b 6 W B I . 5 )  ~ B 8 ( 1 , 0 )D INWS310N  d B 2 , 5 ) ~ 8 ( , 2 5 )  
-
COMMON /PARAMPW9ByHHvBByOT  
F B E S T ~ 9 V P B S Q W T B W B 4 ) * ~ f D * H ~ 1 5 ~ d H ~ 5 B ~ + D P ~ ~ ~ - ~ ~  

RETURN -- , . .u --4 
EF4D 
Hetz Ref erencs R o o i ~ ~  
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APPENDIX 16.  SUBROUTINE "cHARAC" 
For t h e  computation of v e l o c i t y  and depth a t  g r i d  po i n t  P 
(Fig.  3) t h e  f i n i t e - d i f f e r e n c e  £ oms  of t h e  c h a r a c t e r i s t i c  equa t ions  a r e  
used. I n  t h i s  computation i t  i s  necessary  t o  f i n d  t h e  l o c a t i o n  of po i n t s  
D and E o r  E B  and t h e i r  corresponding v e l o c i t i e s  and d ep t h s -  A t  t ime t -
(Fig.  3) t h e  v e l o c i t i e s  and depths  a t  g r i d  po in t s  A,  B, and C a r e  known, and 
i t  is assumed t h a t  t h e i r  v a r i a t i o n  between A and B ,  and B and C i s  l i n e a r .  
Thus, 
4-Combining Eqs. (A8) w i t h . t h e  C c h a r a c t e r i s t i c  [ E q .  (2.26)], 
cos eD~ - D~ - J 2 P z * 
D B - D A  - Ax levD+ 6(6-l)VD 4 - - - 5 ( D D c o s e  4- hD )IF- 0 
and 
-
Likewise,  combining t he  C c h a r a c t e r i s t i c  i n  s u b c r i t i c a l  f low [ ~ q. ( 2 . 29 )  1 , 
and 
- -  
t hen  
DB - D- cos e 
h -
- -
A t  2 B z 
Ax ( 6  - 1) VE +7(DE caseD~ - D~ I='o o 





and combining t h e  C- c h a r a c t e r i s t i c  i n  s u p e r c r i t i c a l  f low [ E q .  ( 2 . 3 3 ) ] ,  and 
t h e n ,  
D~ - D ~ f  At 2 f3 cos e z * 
DB - D - A x  [BV,, - - 1) VEv +T(DEv + h E ' ) l  
0
A F0 
C O S ~  * 
+ hE! ) l  
0 
?k 
Since t h e  ove rp re s su re  head h  i n  t h i s  s t u d y  i s  assumed cons t an t ,  
t h e  s e t s  of E q s .  ( A 9 ) ,  (A10) and ( A l l )  can be combined i n t o  one s e t  as 
f o l l o w s  : 
2 E3 cose 
= 
- 1 )  5 7(5q + h*)4- F 
-
where f o r  C+ c h a r a c t e r i s t i c :  = DD9 % = VD9 XX = DB, ND = DAY NV = VA9 
-
sM -
- 1, and S
*-
= 1; f o r  C -" ---- '--2-'3- f ' - . .L-- i* i , - . - l  Fl^ ..*\. V = n 
'2 
C L l d L d L L C L 1 3  L A L  \DLAULIALALQA L I W W j  a 
S V =  VE, XX = BE, N D =  DC9  N V =  VC9 SM = -1, and ST = -1; and f o r  C-
-
c h a r a c t e r i s  t i c  ( s u p e r c r i t i c a l  f low) : 5 = D~~~ xV = vEV xx = B E ' ,  N~ = D~~ 
NV -- VA9 SM = 1, and ST ='-I.  The valuer; of XD, XV and ?tjl a r e  computed by 
s ub rou t i n e  CHARAC i n  which i t  i s  necessary  t o  use double  p r e c i s i o n  f o r  more 
a c cu r a t e  computation. The a lgo r i t hm i s  a s  fo l lows:  
( a )  Spec i fy  an accuracy ACCU. 
(b )  Convert t h e  i npu t  d a t a  i n  double p r e c i s i on .  
(c )  Check i f  t h e  hyd rau l i c  depths  a t  t h e  g r i d  p o i n t s  a r e  a lmost  equa l  
because f o r  a ve ry  smal l  d i f f e r e n c e  of depth o r  v e l o c i t y  t h e  numerical  
e r r o r  becomes ve ry  l a r g e  i n  t h e  s o l u t i o n  of Eqs. (Al2) and (A14). I f  they 
a r e  a lmost  e qua l ,  then t ake  XD = DB and go t o  s t e p  (e); and i f  n o t  equa l ,  
go t o  s t e p  (d) , 
(d)  Take a f i r s t  va lue  o f , %  and use  t h e  Newton-Ramphson method t o  
compute X from Eqs. (A12), (A13) and (A14), where f o r  every  v a l u e  of XD D 
[from Eq. ( ~ 1 4 ) ]  
[from Eq. (A12) 1 
( e )  Check i f  t he  v e l o c i t i e s  a t  t h e  g r i d  p o i n t s  a r e  almost equal .  I f  
they are  almost  equa l ,  take % = V and go t o  s t e p  (g); and i f  they a r e  n o t ,B 

then go t o  s t e p  ( f )  . 

( f )  Check aga in  i f  t h e  h y d r a u l i c  depths  a r e  a lmost  equa l .  If they  
a r e  equa l ,  use  t h e  Newton-Ramphson method t ak ing  a f i r s t  va lue  of 
XV = N and from Eqs. ( A 1 2 ) ,  (A13)  and ( A 1 4 )  ,V 

d ~ 1  1 8 ( 8  - 11% At
and ~ 2 = - =  + SM[B + ST laxd5 - N~ 
and then  go t o  (g) .  Tf t h e  h y d r a u l i c  depths  a r e  n o t  equa l ,  t hen  use 
Eel. ( A 1 4 1  , 
(g) Compute XX by u s ing  Eq. (A15)  . 
In  t h i s  program a counte r  SS i s  used t o  avo id  t h e  p o s s i b i l i t y  of 
an i n f i n i t e  loop i n  t h e  Newton-Ramphson method. I f  t h e  number of i t e r a t i o n  
exceeds 15 f o r  t h e  f i r s t  t ime,  then  reduce t he  p r e c i s i o n  ACCU from lo-' t o  
l o m 6 *  I f  aga in  t h e r e  i s  no converging s o l u t i o n ,  t hen  CALL EXIT and s t o p  
t h e  execu t ion  03 t he  program. I n  such a t e rmina t i on  t h e  i n d i v i d u a l  u s e r  
of  t h e  program should s ea r ch  f o r  o t h e r  means f o r  t h e  s o l u t i o n  of Eqs. ( A I Z ) ,  
( A 1 3 ) ,  and ( A 1 4 ) .  
SUBROUTINE C H A R A C ( V A A p D A A p V B B ~ D B B q D X l l P N ~ V E ~ D E p D X B E ~ S ~ T T q H l A A , H l B B r  
1QEv SMH 1 
TO EVALUATE VE,OErDXBEp AND QE 
STT=+1.0 AND SMH=+1.0 ARE FOR C+ CHARACTERISTIC 
STT=-1,O AND SHM=-1.0 ARE FOR C- CHARACTER IST IC  AT StUBCRITICAL 
FLOH 
STT=-1.0 AND SlalH=+l.O ARE FOR C- CHARACTERISTIC AT SIUPERCRITICAL 
FLOW 
D I M E N S I O N . H H ( ~ S ) B B B ( ~ ~ ) ~ H H H ( ~ ~ ) ~ B B B ( ~ O ) ~ D X ( ~ ~ ~ )  
DOUBLE PREC IS ION  H ( ~ ~ ) ~ B ( ~ ~ ) ~ A C C U ~ V B ~ H B ~ W A ~ H A ~ S T ~ D X ~ ~ S P ~ ~ E D E ~ E D E ~ ~  
1 D F F ~ F l v F 2 ~ E V E 7 E V E l ~ D X B E~ O T V V E ~ D E ~ C O N S ~ H ~ A ~ H ~ B B Q E  
C O H H O N / P A R A H / H H ~ B B ~ H H H ~ B B B ~ D T T / X W / D X ~ L L C ~ N C ~ L L O  
ACCU= ~ 0 0 0 0 0 0 1D 0  




D X l - r D X l l  
H ( l ) = H H ( l )  
H ( 4 ) = HH ! 4 )  
H ( S ) = H H ( 5 )  
H ( 1 5 ) = H H ( 1 5 )  
I F t N - N E - NC )  GO TO 3 0  
H l A s H l  AA 





COMPUTATION OF D f  
I F (DR8S IHB -HA ) -ACCUI  9 9 4 0 4  
4 EDE-(HB+HR)/Z,  
SS=O,O 
GO T O  1 
3 s s = s s + 1 * 0  
IF lSS,GT.15- )  GO TO 40 
4 4  ED€-EDE1 
1 SDEsEDE 
D F F r DP F I  SDEsMI  
VE=VB-((WB-VA)*(HB-EDE)/(HB,-HA))  
CONS=DSQRT(HIl)+(H(Lj-I*)* WE* VE+HIl)*H(4)+~~EOE*Hl15~/H(S~)+DFF) 
1 )  
~ 1 = - ( H E - ED € )  / (MB-HA )+sH*(  l H l 1  ) * VE+ST *CO~S  )*DT/DXI b 
FZ= (  1,/ t HB-HAJ )+  
1 SW*((H(1)+(VB-VA)/(HB-HA~~+ST*~t1~/ZOf*(~H~l)+~Ht~)-l 
2 ~ ) * 2 . + VE * (WB - VA ) / ( HB - HA ) ) + I H ( l ) * H ( 4 ) * H ( 1 5 ) / H ( 5 1 ) ) / COh l S ) I 4 ( D T / DX 1 )  
EDE l=EDE- (FL /F2 )  
I F (DABS(EDE1 -EDE I -ACCUI  2 0 2 9 3  
2 DE=EDE1 
GO TO 1 3  
9 DE=HB 




I F (DABS(VB -VA I -ACCU)  1 1 , l O e l O  
1 0  I F lDABS tHB -HA ) -ACCU)  1 5 v 1 4 v 1 4  
1 4  VE=VB - ( ( VB - VA ) * ( HB -DE ) / ( HB -HAM  
GO TO b 
1 5  EVE=VA 
1 8  C O N ~ = D S Q R T ( H ( ~ ) * ( H ( ~ ) - ~ ~ ) * E V E * E V E + H ( ~ ) + H ) * ~ ~ Q E * H ( ~ ~ ) / H ( S ) ) + D F F ) )  
Fl=-((VB-EVE)/(VB-VA))+SP)*((H~l)*EVE+ST*CONS)*DT/DXl] 
F2=(1~/IVB-VA))+SH*(H(l)+ST*(H(l)~~H~1)-~~)*EVE/CDNS~)*(DT/OX~) 
EVE l = EV - ( F l / F Z )  
I F (DABS(EVE1 -EVE) -ACCU)  1 6 q 1 6 9 1 1  
17 EVE=EVE l  
GO TO 1 8  
1 6  VE=EVEl  
GO TO 6 
11 VE=VB 
C DXBE I S  THE DISTANCE OF THE PO INT  E FROM THE PO INT  B  
6 D X B E = S T * D T + ( H ( ~ ) * V E + S T * D S Q R T ( H ( ~ ) - ~ ~ ) * V E * V E + H ( ~ ) * H ( ~ ) * ( ~ D E * H  
1 ( 1 5 ) / H ( S ) ) + D F F ) ) )  
IF(M.ME.MC1 RETURN 
L 
C COMPUTATION OF QE 
C I F I D XBE )  5 0 ~ 5 1 r 5 1  
5 1  QE=HlB+((HlA-HlBf*DXBE/DXl) 
RETURN 
5 0  QE=HlB+((HlA-HlB)*DXBE*ST/DXl) 
RETURN 
4 0  I F I A C CU - 0 ~ 0 0 0 0 0 1 0 0 )  41 ,42942  
42 IF(SS,GT,ZO.) GO TO 4 3  
W R I T E 1 6 r l l l )  E DE v F l s F 2  
111 FORWAT( /3Xv3D12.4 )  
GO TO 44 
- 4 1  ACCU=0~000001DO  
s s = o * o  
GO. TO 4 4  
43  WR I TE ( b r 1 0 0 )  
1 0 0  FOR ,HAT ( / / Z lH * * *+NO~  AT CHARAC*+**) 
CALL E X I T  
END 
APPENDIX 17, SUBROUTINE 'vPASS" 
This s ub r ou t i n e  solves h113 and V, (see F i g .  3b) f o r  the systemL 

4-
o f  t h e  C and C- character is t ics .  
SUBROUTINE PBSS(YP,VP,TIHEoYMINIoN?L) 

TO SOLVE FOR YP AND VP THE SYSTEM OF C+ AND C- CHARACTERISTICS 
DIHENSIOM H ( ~ ~ I ~ B ( Z ~ ) ~ H H H ( ~ ~ ) P B B B ~ L O ) ~ D X ( ~ ~ )  
DOUBLE PRECISiON B B ( ~ ~ ) ~ v E E ~ v D D ~ D E E ~ D D D ~ w D E ~ ~ D x D E ~ D x O B P D X B E ~ A D ~ A E  
irHH(25ipY0DsYEE~BfEpgDD 
C O M t 4 G N / P A R A N / H p 8 ~ H H H p ~ ~ 5 p ~ ~ / ~ / ~ X ~ ~ p D D ~ ~ ~ D D ~ ~ D D / E / ~ ~ B E ~ D ~ ~ ~ V ~ E 9 ~ ~ ~  






































31 CALL G E O M ( ~ ~ L ~ A ~ Y D ~ R D ~ T D B D D ~ ~ ~ N )  





Y E E = Y E  




10 U V W = S Q R T ( H ( L ) * ( H ~ 1 ) - l O ) * ~ ~ * ~ ~ + ~ ~ 1 ) * ~ ( 4 ) * ( ~ D ~ * ~ ( l 5 ) / H ( 5 ) ) + D P F ( Y D ~ M )  











~ ( ( ~ ( ~ ~ ) * H ~ ~ ) * S I N ( B ( ~ . O ) + B I ~ ) ) / W ( ~ ~ ) ) - H ( ~ ) * V D + U V H ) * H ~ ~ ~ ) * H ~ ~ ) + H ( ~ ~ ) *  

3 ( B ( 1 ) / ( 1 2 e * 6 0 ~ * 4 0 ~ * B ~ 4 1 ) ) *  





CALL F R I C ( V E p Y E p F ~ Y H I N I ~ W E ~ W E P d O S p R E C R I )  
R E B E L = F t V E * R B S ( V E ) / 4 H I 8 ) * R E )  
73  U V W = S Q R T ( H ( 1 ~ + ~ H ~ 1 ~ - l D ~ * ~ E ~ ~ ~ + ~ ( 1 ) * H ~ 4 ) * ( ( D E * ~ ( l 5 ) / H ( 5 ) ) + D P F I Y E p N )  
1) 

A 3 = T E - 4 ( ( 1 . - H ( l ) ) * Y E - U W H ( 1 5 1 / H ~ 5 )  
A4=T€*DE 





~ ( ( B ( ~ ~ ) * H ( ~ ~ * S I N Z B ( ~ O ) + B I ~ ) ) / H ~ ~ ~ ) ) - H ( ~ ) * V E - U V W ) * H ( ~ ~ ) * H ( ~ ) + H ( ~ ~ ) *  

3 (8 (11 / (12 , *60 , *60 . *B (b ) ) ) ) *  

~ T E * L H ( ~ ) * Y E + U V W ) * H ( ~ ~ ~ * H ( ~ ) +  *(B(20)/B(






















APPENDIX 18.  SUBROUTINE "cRISEC" 
For t h e  l o c a t i o n  of c r i t i c a l  s e c t i o n  E between two g r i d  p o i n t s  A 
and B ( F i g .  23)  i t  i s  assumed t h a t  t h e  v a r i a t i o n  of d e p t h  and v e l o c i t y  i s  
l i n e a r .  Thus, 
and a t  p o i n t  E, FE = 1; o r  
2 8 cose z ;ai. 
B V ~= d(B- l ) V E  + -1(DE ~ 0 s ~h, 1F o 4-
0 

T h e  d is tance  = DXS i s  computed i n  s u b r o u t i n e  CRISEC by t h e  
Newton-Raphson method where t h e  fo l lowing  are cons idered :  
v~ -VE = DXS Ax V~+- [from E q s .  ( A 1 6 ) ]  
DXS 
. 1 ,  
'I' 
1 










F1 = f3VE - [from Eq. (A 1 7 ) ]  
0 
I u 





C T O  L O C A T E  THE CRITICAL SECTfUN 
C 
DIMENSION H f 2 5 B ~ B d 2 5 ) t H H ~ 1 5 ) y B B B b O ) P O X X ~ 2 ~ 2 j r  

C O M M O N / P A R A M b W 9 B ~ H W ~ B B 7 D T / X M / D X X B h L C ~ N C t L L 0  

Q X S - - O X / 2 ,  




CALL G E B M ( 4 ~ L ~ A E ~ Y E r R E B T E p D E ~ P B N j  

DVE= $ V B - V A  1 B D X  

ODE- I DB-DA 1 P D X  

~ Q N ~ = ~ Q R % ( H ( % ~ * ( H ~ ~ ) - 1 Q ) * ~ E * V f + ~ ~ 1 ) * ~ ( 4 ~ * ~ ~ ~ ~ * ~ ~ ~ ~ ~ / ~ ( ~ ~ + ~ ~ ~ ~ ~ ~ p ~ ~  

1 1 1 1  
F.I-HQ1)*V%-CONS 
F ~ = ~ ~ ~ ) * D V E - ~ ~ ~ ~ * W ~ ~ ~ ~ Q : ~ H ~ ~ ~ - ~ ~ ~ * V E * D V E + ~ H ~ ~ ~ * H ~ ~ ~ * H ~ ~ ~ ~ * D D E / H ~ ~ ~ ~ ~  
l 8 ~ 2 & ~ C O N S >B 

D X S l = D X S - ( F 1 $ F 2 )  
I F $ A B S ~ D X S - D X S L ) - O ~ O O O 0 0 1 ~ 
1 0 9 b O p B 1  
11 	D X S = D X S 1  

GO P O  1 2  

, . .1Q .XS=-BC+DXS . . 
c x s  I S  THE DIMENSIQ'NLESS DISTANCE O F  THE C R I T I C A L SECTION FROM THE 
C UPSTREAM B O U N D A R Y  
RETURN 	 . .....- --- -.- , - I  
END 
- -  
APPENDIX 19 .  SUBROUTINE "JUMP" 
T h i s  s u b r o u t i n e  s o l v e s  t h e  second t y p e  of problem f o r  t h e  i n t e r n a l  boundary 
a c c o r d i n g  t o  t h e  method d e s c r i b e d  i n  S e c t i o n  6 .2 .  The a l g o r i t h m  c o n s i s t s  
of a  s e a r c h  f o r  two v a l u e s  of x ( F i g .  6 )  f o r  which f u n c t i o n  F of E q .  (3.23) 
o b t a i n s  v a l u e s  of o p p o s i t e  s i g n ,  When such  v a l u e s  a r e  found ,  t h e  v a r i a t i o n  
of F w i t h  r e s p e c t  t o  x i s  assumed l i n e a r  and t h e  v a l u e  of  x f o r  which 
F = 0 i s  e a s i l y  computed. 
The d i s t a n c e  x i s  p o s i t i v e  t o  t h e  r i g h t  s i d e  of J and n e g a t i v e  
t o  t h e  l e f t .  The two t e s t  v a l u e s  of x are denoted by X1 and X 2 ,  and t h e  
c o r r e s p o n d i n g  v a l u e s  of F  by F1  and F2. The s e a r c h  s tar ts  w i t h  p o s i t i v e  
v a l u e s  af x and t h e n  w i t h  n e g a t i v e  v a l u e s .  The i n c r e m e n t s  of x a r e  t aken  a s  ! 
f r a c t i o n s  of Ax, which a r e  chosen as one  t e n t h  of Ax. When p o s i t i v e  v a l u e s  
of x a r e  u s e d ,  t h e  c o n t r o l  v a r i a b l e  KKK = 1; and f o r  n e g a t i v e  x, KKK = 2. 
F i g u r e  24 i s  a g r a p h i c a l  r e p r e s e n t a t i o n  of t h e  assumed p o s s i b l e  4 
v a r i a t i o n s  of t h e  a b s o l u t e  v a l u e  of  F w i t h o u t  o b t a i n i n g  two v a l u e s  of  
o p p o s i t e  s i g n .  The u s e  of s t r a i g h t  l i n e s  i n  F ig .  24 does  n o t  mean t h a t  t h e  
v a r i a t i o n  of I F I  i s  l i n e a r .  The s t r a i g h t  l i n e s  a r e  used  f o r  s i m p l i c i t y  and i 
i n d i c a t e  t h a t  I F I  i s  d e c r e a s i n g  o r  i n c r e a s i n g  w i t h  r e s p e c t  t o  x. The two I 
v e r t i c a l  l i n e s  I L  and I N  co r respond  t o  t h e  lower and u p p e r  bounds ,  r e s p e c t i v e l y .  1 
The m i d d l e  l i n e  J i s  t h e  o r i g i n  of x ( F i g .  6 ) .  
F i g u r e  24(a )  i n d i c a t e s  t h a t  f o r  p o s i t i v e  x's, I F I  i s  d e c r e a s i n g  
41
u n t i l  t h e  upper  bound i s  reached .  Then t h e  v a l u e  o f  x is  changed t o  n e g a t i v e  
B 
and t h e  v a l u e  of  IF1 i s  s t i l l  d e c r e a s i n g  u n t i l  t h e  lower  bound i s  reached  
w i t h o u t  changing t h e  s i g n .  S i m i l a r l y ,  i n  F i g .  2 4 ( b ) ,  t h e  upper  bound i s  r e a c h e d  
b u t  t h e  f i r s t  n e g a t i v e  v a l u e  of  x shows t h a t  I F I  i s  i n c r e a s i n g  i n  t h i s  a r e a .  
Thus,  t h e r e  i s  no  chance of o b t a i n i n g  a minimum IF1 o r  IFl = 0, i n  t h e  r e g i o n  
of n e g a t i v e  x. I n  t h e  same manner,  o t h e r  c a s e s  i n  F i g .  24 r e p r e s e n t  p o s s i b l e  
v a r i a t i o n s  of  I F / . "I i 
When t h e  lower o r  upper  bound i s  reached w i t h  d e c r e a s i n g  v a l u e s  of  4 




a t  J is t h e n  used,  t o  de te rmine  t h e  new p o s i t i o n .  I f  t h i s  new, p o s i t i o n  i s  i 1 
o u t s i d e  t h e  two l i m i t s ,  t h e n  t h e  t i m e  i n t e r v a l  shou ld  b e  reduced.  1\ 
When n e i t h e r  t h e  lower  n o r  t h e  upper  bound i s  reached  b u t  t h e r e  

i n d i c a t i o n  t h a t  i m p o s s i b l e  ob ta i n  two v a l u e s  

24 .  The Variation of  F u n c t i o n  IF1  i n  the
F i g .  




s i g n s  [F ig .  24(f) , (g) , and (h)  1, t h e n  t h e  v a l u e  o f  x a t  minimum IF I i s  
cons ide r ed  a s  t h e  new p o s i t i o n  of t h e  d i s c o n t i n u i t y .  
The c o n t r o l  v a r i a b l e  KK i s  used  t o  i d e n t i f y  the ca se s  when t h e  
upper  bound h a s  been  reached .  Thus,  f o r  a l l  p o s i t i v e  v a l u e s  of x, KK = 1, 
which means t h a t  t h e  upper bound h a s  n o t  been  reached .  For  n e g a t i v e  x, 
KK = 1 only  i n  F ig .  24 (d ) ,  ( e )  , ( f )  , ( g )  , and (h) , be c au s e  i n  t h e s e  c a s e s  -
t h e  upper  bound h a s  n o t  been  r e ached  du r i ng  t h e  p e r i o d  of t e s t s  w i t h  p o s i t i v e  
x. Then, KK = 2 f o r  F ig .  2 4 ( a ) ,  (b )  , and ( c )  a t  t h e  n e g a t i v e  r e g i o n  of  x, 
because  t h e  upper  bound h a s  been r e ached  b e f o r e  sw i t c h i ng  t o  n e g a t i v e  v a l u e s  
of x, 
SUBROUTINE J U M P ( I q N , * ~ I K p I L ~ I L L P I M B I N N )  
L 
C TO DET tKMINE  1HE INTEKNAL ROUNUARY 
C - CAS t  2 -
C 
DIMENSION Y ( 4 1 ~ 1 R q 2 ) , V ( 4 1 ~ 1 8 ~ 2 ) ~ J L ( 4 1 t 1 H q 2 ) q Y ~ L ( 4 l q l U ~ 2 ~ ~ V J R ( ~ l ~ l  
~ R V Z ) ~ Y J R ( ~ ~ ~ ~ R ~ ~ ) ~ X E ( ~ ~ ~ ~ U ~ ~ ) ~ X J D ( ~ T ( ~ ~ ~ L U ~ ) V V ~/ , 2 ) , ~ ~ ( 1 7 , 2 ) p X X  
2 1 7 ~ 2 ) q L L ( 1 H ~ 2 ) q Y M I I \ I I ( 4 l r l A ) q D X ( 2 1 2 ) s H ( 2 5 ) p R ( 2 5 ) ~ H H ( 1 L 3 ) v H B ( L O )  
COMMON Y ~ V ~ V J L v Y J L , V J H , Y J K 9 X E q X J D O T ~ V V q Y Y v X X q L ~ / ~ ~ I / Y M I N ~ / P A ~ A M / H q  
1RqHH r BB q I ) T / S TOR /Q ( 3 q T IMEq 0 q L L 1 / XW /DXp L LCqNCp L LO  
UX I L = L l X I ( h ,  I L )  
C D X I L  I S  THE LOWtR B(1IJNU 
U X I N = D X I ( N , I N )  
C UX I N  I S  THE UPPER BOiJNU 
SR=-1.0 
I F ( Y J K ( I , N p l ) . L T o Y J L ( I q N q l ) )  SB=1.0 
D XX =DX ( Z r Z )  
I IZ=O. 1 
C DZ I S  THE FRACTIUN (IF DX BY WHICH TH t  TEST VAL lJ fS  UF X 1  ARk 
C I NCK tAS tD  
DXE=UXI  (Nq  II 
KK= 1  
KKK= 1  
4 6  Xl=O.O 
CALL L E F T J ( Y J L 2 q V J L 2 ~ I p X 1 p I K ~ I L p I L L p N p I N p I N N )  I 
CALL R I G H T J ( Y J K 2 r V J R 2 r X l p I p I N ~ I N M q N p I K ~ l L L )  
CALL G E O M ( 5 r I K q A J L 2 9 Y J L 2 v H J L 2 q T J L Z ~ U J L Z q l q N )  
CALL G E O M ( S q I q A J P 2 q Y J R Z q H J R Z q T J R 2 r L , N )  
FACT=SORT( ( H ( l ) * H ( 4 ) * (  ( I A J L 2 *HJL2 -A JRZ *HJR2 ) * (  ( H ( 1 5 ) / H ( 5 )  ) * * ! ! ) / ( AJ  
~ L ~ - A J R ~ ) ) + D P F ( Y J L ( I & ~ ) ~ N ) ) / ( A J L ~ * A J R Z ) ) )  
F l = V J R 2 - V J L Z + S B * ( A J L 2 - A J K Z I * F A C T  

! F ( F l )  1 0 ~ 5 9 9 1 0  
1 0  X2=Xl+DZ*DXX 
I F (  X 2 )  1 0 0 q 1 0 1 q 1 0 1  
C 
C FOR POS I T I VE  X2 (  CHECK W:TH UPPSR SOUND 
1 0 1  I F ( D X I N - X k ( I p M v l ) - X 2 )  1 0 3 r 1 8 , l H  
C 
C THE UPPER BOUND HAS BEEN REACHED I 
1 0 3 ,  KK=2 
1 0 4  KKK=2 
C 
C CHANGE TO NEGATIVE VALUES 
DZ=-0.1 
GO TO 4 6  
1 8  CALL L E F T J ( Y J L 2 , V J L 2 , 1 , X 2 q 1 K , I L 8 1 L L I N p I N ~ I N N )  
CALL R I G H T J ( Y J R Z I V J R ~ ~ X Z , I ~ I N ~ I M N ~ N ~ I K ~ I L ~ I L L )  
CALl, G E O M ( ~ ~ I ~ A J R ~ ~ Y J K ~ V H J R ~ ~ T J R ~ ~ D J R ~ ~ ~ ~ M )  
ICALL G E ~ ~ M ( ~ ~ I K ~ A J L ~ ~ Y J L ~ V H J L ~ ~ D J L ~ , D J L ~ ~ ~ ~ N )  
FACT=SURT((H(l)*H(4)*(([AJLZ*HJLZ-AJR2fHJR2)*((H(l5)/H(5))**2)/(AJ 

l L Z - A J R 2 ) ) + D P F ( Y J L ( I q N , I ) q N ) ) / ( A J L Z * A J R 2 ) ) )  

F 2 =V JR2 - V J L 2 +SB * ( A J L 2 - A JRZ ) * FACT  
C 
C CHECK S IGN  OF F 1  AND F 2  
I F ( F l t F 2 )  4 7 ~ 4 8 ~ 4 9  
C 
C CHECK THE VARIATION UF A BS ( F 1 )  AND A B S ( F 2 )  
L 
C CHECK VALUE OF KKK 
S b  	 I F ( K K K - 1 )  5 7 ~ 5 7 7 5 2  
5 7  	F F = F 1  
X F = X l  
GO TO 1 0 4  
L 
C CHECK VALUE OF K K ,  FOR THE CASE OF KKK=2  
5 2  	 i F ( K K - 1 )  : 0 5 , 1 0 5 9 5 2  
1 0 5  I F ( A B S ( F F ) - A R S ( F 1 1 )  5 R p 5 R p 5 9  
5 8  	 X 3 = X F  
GO 	 TO 6 0  
5 9  	X 3 = X l  
GO 	 TO 6 0  
5 1  	F l = F 2  
X l = X 2  
GO 	 TO 1 0  
4 8  	X 3 = X 2  
Gf l  TO 60  
4 7  	x ~ = x ~ + ( x ~ - X ~ ) * ~ A B S ~ F ~ ) / ( A B S ( F ~ ) ) )  
GO TI1 60 
C 
C, FOR N E G A T I V E  X27 CHECK WITH LOWER BOUND 
1 0 0  I F ( D X 1 L - X E ( I , N , l ) - X Z )  1 8 p 1 8 9 6 2  

6 2  X 3 = D T * X J O L I r (  I y N o l )  

6 0  X33=ABS ( X31 

i F ( X 3 3 . L T . 0 . 0 0 0 1 )  X3=0.0 

X E l 1 1 N , Z ) = X f ( l , N v l i + X 3  

L 
C CHECK O F  X E ( I q N p 2 )  
I F ( ( D X I L - X E ( I 9 N q 2 ) l = ( D X I N - X E ( I q N 9 2 ) ) )  

C 
C GO TO REDUCE DT 
5 3  X J D O T I  Iv N 1 2 ) = 0 . 0  
X E ( I p N 7 2 ) = O . O  
Y J L (  I , N I ~ ) = O . O  
V J L ( I 9 N p Z ) = O . O  
V J R (  IpM92)=O.O 
Y J R ( I T N , Z ) = O . O  
RETURN 1 
6 1 9 6 1 ~ 5 3  
6 1  	C A L L  L F F T J ( Y J L f I q N ~ 2 ) p V J L ~ I ~ N P 2 ) t I v X 3 9 I K , I L 9 I L L , N v I N ~ ~ N N l  
C A L L  R I G H T J ( Y J R ( I p N ~ 2 ) ~ V J R ( I ~ N ~ 2 ) ~ X 3 v I v ~ ~ ~ I ~ N ~ N , I K 9 I L q I L L )  
C A L L  G E O M ( ~ ~ I K ~ A J L ~ Y J L ( I P N , ~ ) ~ K J L ~ T J L ~ D J L T ~ ~ N )  
C,ALL G E O M ( 1 y I  + A J R I Y J R ( I ~ N ~ ~ ) ~ R J R ~ T J R ~ ~ ~ N )  
X J D O T l i p N 1 2 ) = ~ v J R ( i 9 N v Z j ~ A J R - V J L i I O N r 2 ) " * A J L ) / ~ A J R - A J L )  

I F ( N a E Q e N C )  GU TO 6 3  
W R I T E l b p 2 2 2 )  N 
2 2 2  F O R M A T ( / / 2 X 1 2 4 H A T  THE OVERLAND FLOW N O e 9 1 2 )  
GO TO 6 4  
6 3  W R I T E ( ~ T ~ ~ ~ )  
2 2 3  F O R M A T ( / / 2 X 9 1 9 H A T  THE CHANNEL FLOW) 
6 4  W R I T E ( 6 , 2 0 0 )  X E ( I ~ N p 2 ) p X J D O T ( I s N ~ 2 ) p V J L ( I p N p ? ) ~ Y J L ( I P N , Z ) v V J R ( I p N q  
l Z ) y Y J R ( I v N 9 2 )  
2 0 0  F Q R M A T ( / 2 X 7 1 0 H J U M P  AT X = ~ E 1 0 . 4 v 3 X s l l H W I T H  XJDOT=pE10U4p2Xp4HVJL=pE 










According t o  t h e  method desc r ibed  i n  S e c t i o n  3 . 4 . 2  f o r  any va lue  
of x (Fig. 6 ) ,  t h e  depth and v e l o c i t y  a t  the l e f t  s i d e  of J' a r e  computed 
us ing  t h e  C 4-
-
and C- c h a r a c t e r i s t i c s  f o r  s u p e r c r i t i c a l  f low.  I n  o r d e r  t o  use 
f 
the 	C and C c h a r a c t e r i s t i c s ,  t h e  v e l o c i t i e s  and d e p t h s  a t  p o i n t  A and B . 
(F ig .  6a) must b e  computed. Subrout ine  LEFTJ computes q u a n t i t i e s  a t  p o i n t s  A it 
and 	B b y  l i n e a r  i n t e r p o l a t i o n  o r  e x t r a p o l a t i o n  accord ing  t o  the v a l u e  of x ,  
and t hen  computes t h e  depth and v e l o c i t y  a t  t h e  l e f t  s i d e  of J v by c a l l i n g  
s u b r o u t i n e s  CHARAC and PASS. 
SUBROUTINE  L E F T J B Y J L 2 ~ V 4 h 2 1 H 9 X 1 ~ I K ~ I L ~ I k L ~ N y I C N ~ I N f l B l  1 
80 D E T E R M I N E  DEPTH ( Y J k 2 B  AND VELOCITY 4VJC2)  A T  THE LEFT S I D E  . 





% 8 9 2 ) ~ Y J R ( 4 h 9 1 8 9 2 ) ~ X E ~ d k 1 9 ] t 8 t 2 ) 9 X J D O T Q 4 1 t ~ 8 9 2 1 9 V V ~ l 7 + 2 ~ 9 Y Y ( ~ 7 9 2 I ~ X X (  
2 P 7 ~ 2 ) p k h B 8 8 t 2 ) y Y M I N I ~ 4 1 y I 8 ~ ~ D X ~ 2 1 2 ~ P W ~ 2 5 ) 9 B ~ 2 5 ~ ~ H H ~ l ~ ~ ~ B B ~ ~ O ~  
DQUBLE PRECISION VE9DEyVDBDDPDXDBPDX8EVQDpQE 
COMMON Y r V r V J L r Y J L r V J R 1 Y J R y X E . 9 X J D O T 9 V y r Y Y g X X , L L / Y M I / Y M I N I / P A R A P 1 / H o  
l B I  	H H 9 B B p D T / S T O R / Q Q t B I H E I Q 1 k L . k 1 / X W / D X v h L C ~ N C ~ L L O ~ D / D X D $ 9 D D ~ V D 9 Q D / E ~ D  
2 X B E y D E I V E p Q f  

E K J 1 = X f  ~ H , N y P ) - D X H ( N y H K l  

I F ( X 1 , L ' T ' , O e O B  GO 7'0 11 

16 	H F ~ E K J l * k T e O e . B O Q O B )60 T O  b O  

F A C T = B E # J I + X l  ) / € K J 1  

Y B = Y Q H . K ~ N ~ ~ ) + ( Y J L ( I ~ N N ~ ~ I - Y ~ I K ~ N ~ ~ I ~ * F A C T  
V B = V ( I K ~ N ~ B ) + ( V J L ( I ~ N ~ I ~ - V ~ I K ~ N ~ ~ ~ ~ * F A C T  

I F ( E K J ~ + X ~ - D X ( ~ Y ~ ~ )12912913  
1 2  	FACT=IEKJB+XP ) / O X  4292)  

Y A = Y ( I b r N o B ) + ( Y ~ H K t N ~ l ~ ~ V ~ ] E L ~ W I 1 ~ l * F A C T  

V A = V ~ I L ~ N ~ ~ ) + ~ V ~ H K ~ N ~ ~ ~ ~ V Q ~ B , ~ N ~ ~ ) ) * F A C T  
IFQN,NE,NC) GO TO 14 

CALL L A B P N ( V Y ~ V V ~ I K p W I K I  

CALL L A B I N ~ Y Y 9 V V ~ H k q H I h l  

CALL L A T I N ( Y Y s V V 9 1  t W I  1 





GO T O  14 , 

13 	FACT=(EKJ%+XB-DX(292) l / 'EKJ% 

Y A = Y ~ I K t N ~ l ) + ( Y J L ( I ~ N y ~ l - Y ~ I b ( ~ N ~ l ~ ~ * F A C T  

V A = V ( I K 8 N 9 1 1 + ( V J h B I t N ~ 1 ) - V ( I K ~ N p I ) ) * F A C T  

IF1N,NE,MG) GO TO 84 

APPENDIX 21. SUE3ROUTINE "RIGHTJ" 
This s u b r o u t i n e  computes dep th  and v e l o c i t y  a t  t h e  r i g h t  s i d e  of 
J '  (Fig. 6b) a cco rd ing  t o  t h e  method p r e s e n t e d  i n  S e c t i o n  3 . 4 . 2 .  The v e l o c i t y  
and d ep t h  a t  p o i n t s  A ,  B, and C a r e  computed by l i n e a r  i n t e r p o l a t i o n  o r  
e x t r a p o l a t i o n  depending on t h e  value o f  x .  
SUBROIJT!NE R.!GHTJ!YJR2;VJR2;XLiIi!@;INNiNi!Ki!Li~LL! 
C 
C TO DETERMINE DEPTH ( Y J R 2 )  AN0 VELOCITY ( V J R 2 )  AT THE RIGHT S I D E  
C  OF THE PATH OF AN INTERNAL D I S C O N T I N U I T Y  
C 
DIMENSION Y ( 4 1 p 1 8 ~ 2 ) v V ( 4 1 p 1 8 p 2 ) ~ Y ~ L ( 4 1 p 1 8 ~ 2 ) p Y J L ( 4 ~ ~ ~ 8 ~ ~ ) p V J R ( ~ ~ ~ ~  
1 8 ~ 2 1 p Y J R ( 4 1 q 1 8 r 2 1 p X E ~ 4 1 ~ l 8 ~ 2 ) q ~ ~ D O T ~ 4 1 p l 9 v 2 ~ ~ ~ ~ ~ l 7 ~ 2 ~ v Y Y ~ l 7 ~ 2 ~ ~ X X ~  
2 1 7 s 2 ) q L L ( 1 8 q 2 ) ~ ~ H 1 N ~ ( 4 1 q 1 R ) ~ D X ( 2 s 2 ) p H ( 2 5 l ~ B ~ 2 5 ) q H H ( l 5 ) ~ B B ( l O )  
DOUBLE P R E C I S I O N  V E p D E q V D q D D q D X D B p U X B E v Q D ~ B E  
LOG I C A L  INDEX 
COMMON Y o V q V J L q Y J L q V J R o Y J R o X E p X J O O T ~ V V p Y Y ~ X X p L L / Y M I / Y M I N ~ / P A R A ~ / H ~  
~ B ~ H H ~ B B ~ D T / S T O R / ~ Q ~ T I W E I Q ~ L L ~ / X W / ~ X ~ L L ~ ~ ~ ~ ~ L ~ ~ ~ ~ / ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  
2XBEsUE pVEqQE 
E K J l = X E (  I,NIL  1-DXI ( N p I # )  
F A l = A B S ( E K J l - O X ( 2 q 2 ) )  
INDEX=FAl .LT .0 .00001  
IF (X1 .LT .O.O)  GO TO 1 0  
I F I D X ( ~ P ~ ) - E K J L - X ~ )1 1 9 1 1 p 1 2  
1 1  	FACT=(EKJl+Xl-DX(292))/0X(2q2) 

Y C = Y ( I N q N q l ) + ( Y ( I N N s N P 1 ) - Y ( I N p N ~ l ) ) * F A C T  

Y C = V ( I N ~ N ~ l I + l V ( I N N , M o l ) - V ( I N p N p l ) ) * F A C T  

Y B = Y ( 1 9 N q l ) + ( Y ( I N 7 N 9 1 ) - Y ( I p N v l f ) * F A C T  

V B = V ( I y N p l ) + ( V ( I N p N t l ) - V ( I p N v 1 ) ) I Q F A C T  

IF (N.NE.NC)  GO T O  1 3  

CALL L A T I N ( Y Y , V V T I K ~ H I K )  

CALL L A T I N ( Y Y 9 V V q I  P H I  

CALL L A T I N ( Y Y ~ V V V I N P H I N )  

CALL L A T I N ( Y Y p V V I I N N 9 H I N N )  

Q A = H I K + ( H I - H I # )  *FACT 

Q B = H I + ( H I N - H I l * F A C T  

QC=HIN+(  H I N N - H I N ) * F A C T  

1 3  	I F (  I N D E X )  GO TO 2 0  
~FACT=(2.*DX(272)-EKJ1-Xl)/(DX(2~2)-EKJ11 

Y A = Y ( I ~ N 9 1 ) + ( Y J R ( I ~ N ~ 1 ) - Y I I p N p l ) ) * F A C T  

V A = V ( I q N ~ l ) + ( V J R ( I 9 N ~ l ) - V ~ I q h I , 1 ) ) W T  

GO TO 1 4  I 

2 0  	F A C T = ( 3 . * D X ( 2 ~ 2 ) - E K J 1 - X 1 ~ / ~ 2 0 Q D X 1 2 ~ 2 ) - E K J l )  

Y A = Y ( ~ N ~ N ~ ~ ) + ( Y J R ( I ~ N I ~ ) - Y ( I N ~ N ~ I ) ) ~ T  

V A = V ( I N ~ N ~ ~ ) + ( V J R ( I ~ M I L ) - V ( I ~ ~ ) ) W T  

GO TO 1 4  

12 	FACT=(  E # J l + X l ) / D X ( 2 9 2 1  
Y C = Y ( I p N q l l + ( Y ~ I N ~ N v 1 ) - Y ( I q N q l ) ) * F A C T  

V C = V ( I ~ N ~ l ) + l V ( I N p N v l ) - V ( I p N p l ) ) * F A C T  

I F ( I M 0 E X )  GO TO 2 1  

FACT= ( X l ) / ( D X ( 2 , 2 ) - E K J l l  

Y B = Y J R ( I 9 N , l ) + ( Y ( I , N t l ) - Y J R ( I , N , 1 ) ) * F A C T  

V B = V J R ( I , N 9 1 ) + ( V ( I 9 M o l ) - V J R ( I 9 N ~ l ) ) * F A C T  

GO TO 2 2  
2 1  	FACT=(2.*DXIZ~2)-E#Jl-X1)/(2~QDXI2p2)-EKJl) 

Y B = Y ( I N q N q l ) + ( Y J R I I q N s l f - Y ( I N , N I L ) ) * F A C T  

V B = V ( I N ~ N t l ) + ( V J R ( I , W ) - V ( I I V ~ N ~ l ) ) * F A C T  

2 2  l'F(N.NE.NC) GO TO 1 3  

CALL L A T I N ( Y Y 9 V V 9 I M p H I M )  

CALL L A T I M ( Y Y , V V q I  ? H I  

CALL L A T I N ( Y Y s V V q I K 9 H I K )  

CALL LAT!N(YY ;VYPILIHIL)  

Q A = H I L + ( H I K - H I L ) * F A C T  

B B = H I K + ( H I - H I l o * F A C T  

Q C = H I + (  H I N - H I  ) * F A C T  

GO TO 1 3  

1 0  I F ( 1 N D E X )  GO TO 2 3  

FACT= ( D X { Z p 2 ) - E K J l - X l ) / ( D X ( 2 p Z I - E W )  

Y B = Y ( I p N t l ) + l Y J R ( I p N q l ) - Y l I v N s l ) ) * F A C ' b  

V B = \ d ( I p l \ l ~ l ) + ( V J R ( I p M , 1 ) - V ( l p N 7 t ) ) * F A C T  

F W C T = ~ ~ , + D X ( ~ ~ ~ ) - E # J ~ - X ~ ) / ( D X ( ~ V ~ ) - E W )  

Y A = Y ( I , N p l ) + l Y J R ( I t F a 9 1 ) - Y ( I p N 9 1 ) ) * F B C a  

V A = V ( I ~ N ~ l I + ( Y J R t I s M s l ) - V ( I p M ~ l ) l * f A C T  

. 2 5  I F ( E K J l + X l )  1 5 7 1 5 9 1 6  
1 5  I F ( I N 0 E X )  GO TO 2 4  
FACT= ( - f K J l - X l I / ( D X ( 2 p Z ) - E K J l )  
Y C = Y ( I p N o l ) + ( Y J R ( I ~ M p l ) - Y ( I p H s l ) ) * F A C T  
V C = V ( I ~ N ~ l ) + ( V J R i I r N r l ) - Y ( 1 ~ I d p 1 ) ) * F A C T  
26 IF(N.NE.NC) GO TO 1 4  
F A C T = ( - X l - E K J l ) / D X ( 2 f Z )  
CALL L A T I N ~ Y Y I V V ~ I ', H I  1 
CALL L A T I N ( Y Y s V V p I K 9 H I K )  
CALL L A T I N ( Y Y I V V ~ I L ~ H I L )  
CALL L A T I N ( Y Y p V V s 1 L L p H I L L )  
Q A = H I L + ( H I L L - H I L ) * F A C T  
O B = H I K + ( H I L - H I K ) * F A C T  
OC=HI+ ( H I K - H I  *FACT 
GO TO 1 4  
2 3  F A C T = ( ~ . * D X ( ~ ~ ~ ) - E K J ~ - X ~ ) / ( ~ ~ * D X ( ~ O ~ I - E K J ~ )  
Y B = Y ( I N ~ M ~ ~ ) + ( Y J R I I ~ N I ~ ) - Y ( I N ~ P ~ ~ ~ ) ) * F W C T  
V B = V ( I N v N , l l c l V J R ( I ~ R I p l ~ - V ( Y N 9 N 9 1 i ) * F A C T  
F A C T = ( ~ . * D X ( ~ , ~ ~ - E K J ~ - X ~ ) / ( ~ ~ * D X ~ ~ I ~ ) - E # J L )  
Y A = Y ( I N ~ N ~ ~ ) + ( Y J R ( I B N ~ ~ ~ - Y ( I N o N ~ ~ ~ ) * F A C T  
V A = V ( I N p N 7 1 ) + ( V J R ( l p N p l ) - V ( I N o N s l ) ) + F A C T  
GO TO 25  
2 4  FACT=(  D X ( Z p 2 ) - E K J l - X 1 ) / ( 2 , * D X ( 2 s Z ) - E W )  
Y C = Y ( I N ~ N , ~ ) + ( Y J R ( I ~ N ~ ~ ) - Y ( I N I N ~ ~ ) ) * F A C T  
V C = V ( I N p N , l ) + ( V J R ( I p M p l ) - V ( I N p N p l ) ) * F A C T  
GO TO 2 6  
1 6  F A C T = ( E K J l + X l  ) / O X  ( 2 9 2 )  
Y C = Y ( I ~ N , l ) + ( Y ( I N p N v 1 ) - Y ( I , N p l ) ) W T  
V C = V ( I ~ N ~ ~ ) + ( V ( I N ~ N ~ L ) - V ( I P N ~ ~ ) ) * F A C T  
IF(N,NE,NC) GO TO 1 4  
CALL L A T I N ( Y Y p V V P 1 N p H I N )  
CALL L A T I N ( Y Y I V V I I  v H I  
C k L L  L A T I N ( Y Y  p V V p I K r H I K )  
CALL L A T I N ( Y Y I V Y ~ I L I H I L )  
QA=H!k+IH!K-H!L)*FACT 
Q B = H I K + ( H I - H I K ) * F A C T  
G C z H i + i H I N - H I ) * F A C i  

1 4  CALL G E O M ( ~ ~ I ~ A A ~ Y A ~ R A ~ T A ~ D A ~ ~ B N )  

CALL G E O W ( ~ ~ I ~ A B ~ Y B ~ R B ~ ? B O D B ~ ~ P N )  

CALL G E O M ( ~ ~ I ~ A C P Y C ~ R C ~ T C ~ D C ~ ~ ~ N )  

C A L L - C # A R A C t V A 9 P A p V B p ~ r D X ( 2 . 9 2 ) q P d ~ Y D p D D q D X O B ~ 1 ~ ~ P A p Q 8 p Q B p 1 o )  
CALL C H A R A C ( V C ~ D C ~ V B ~ O B ~ O X ( ~ ~ ~ ) , N ~ V E ~ D E B D X B E ~ - ~ ~ ~ Q ~ ~ Q B ~ Q E ~ - I ~ )  







APPENDIX 22. SUBROUTINE "FINDJ" 

T h i s  s u b r o u t i n e  s o l v e s  t h e  £*s t  t y p e  of problem f o r  t h e  i n t e r n a l  
boundary  by t h e  method d e s c r i b e d  i n  S e c t i o n  3 .4 .1 .  
I n  t h e  s u b r o u t i n e ,  t h e r e  are  t h r e e  c o n t r o l  v a r i a b l e s :  LM, KK, and 
KKK which a r e  u s e d  t o  d i s t i n g u i s h  t h e  v a r i o u s  c a s e s  i n  t h e  s o l u t i o n .  The -
v a r i a b l e  LM d e n o t e s  t h e  f l o w  a t  t i m e  t as s u b c r i t i c a l  w i t h  v a l u e  1 and super -  
c r i t i c a l  w i t h  v a l u e  2 .  For  KK = 1, o n l y  p o i n t  P ( F i g .  5b) i s  t e s t e d .  For 
KK = 2 ,  t h e  t e s t i n g  p roceeds  t o  t h e  second  p o i n t  a t  e i t h e r  N o r  M ,  depending on 
t h e  Froude number a t  P .  The v a r i a b l e  KKK = 1 i n d i c a t e s  t h a t  t h e  Froude 
number a t  P i s  found  t o  b e  l e s s  t h a n  one;  and KKK = 2 ,  t h a t  i t  i s  g r e a t e r  
t h a n  one .  
SUBROUTINE F I N D ~ ( I ~ N ~ I K ~ I L ~ I L L ~ I N v I N N )  
TO DETERNINE THE INTERNAL BOUNDARY 

- CASE 1 -

D I M E N S I O N  Y ( 4 1 9 ~ 8 ~ 2 ) q V ( 4 1 ~ 1 8 ~ 2 ) q V J L ( 4 l r f e , 2 ) r Y J L ( 4 1 q ~ 8 r Z ) v V J R ( 4 1 , ~  
1 8 r 2 ) ~ Y J R ( 4 1 p 1 8 ~ 2 1 q X E ( 4 1 q 1 8 ~ 2 ) ~ ~ ~ ~ T ( 4 1 p 1 8 ~ 2 ~ ~ V V ~ 1 7 ~ 2 ~ ~ Y Y ~ 1 7 q 2 ~ ~ X X ~  
2 1 7 v 2 ) r L L ( 1 8 q 2 ) q Y ~ ~ N ~ ( 4 ~ q l 8 ) t D ~ ( 2 v 2 ) ~ ~ ( 2 5 ) ~ B ( 2 5 ) q H ~ ( 1 5 ) ~ 0 B ( 1 O )  

DOUBLE P R E C I S I O N  V E ~ D E I V D v D ~ , D X D B 9 D X B E q R D q Q E  
COMMON Y 9 V q V J L 9 Y J L 9 V J R p Y J R r X E q X J D O T v V V v Y Y 7 X X 7 ~ ~ / ~ ~ 1 / ~ M 1 ' ~ 1 / ~ A R A M / ~ q  
l B 9 H H q B B q D T / S T O R / Q Q , T I M E q Q , ~ ~ ~ / ~ ~ v ~ ~ C q N C q L ~ f l / ~ / ~ ~ ~ ~ q ~ D v ~ l l q Q D / E / ~  
2XBEpDEpVEeOE 




CALL G E O M ( l q I K v A l p Y ( I K ~ I V v l ) ~ R l ~ T l q D l ~ 1 ~ N )  

C H E C K  THE F L O W  A T  THE TIME OF NO DISCONTINUITY 

I F ( F T E S T ( V ( I K ~ N q l ) v D l , D P F ( Y ( I K ~ N v l ) p N ) ) )1 5 r l 6 p 1 6  

1 5  L M = 1  

GU TO 13  

1 6  LM=2 

1 3  FACT=O.5 

2 4  Y B = Y ( I K ~ N T ~ ) + ( Y ( I , N I ~ ) - Y ( I K ~ N ~ ~ ) ) * F A C T  

V B = V ( I K ~ N ~ l ) + ( V ( I , N ~ l ) - V ( I K ~ N v l ) ) * F A C T  

Y A = Y ( I L ~ N ~ ~ ) + ( Y ( I K P ~ ) - Y ( I L ~ N ~ ~ ) I * F A C T  
V A = V ( I L v N q l ) + ( V ( I K ~ N p l ) ~ V ( I L p N p l ) ) * F A C T  

CALL G E f J M ( l p M B ~ A B p Y B q R B q T B p D B p 1 p N )  

CALL G E O M ( l V M A p A A ~ Y A ~ R A y T A 7 D A , 1 , N )  

IF(N.NE.NC) GO TO 1 7  

CALL L A T I N ( Y Y q V V , i q H I )  

CALL L A T I N ( Y Y , V V q I K v H I K )  

CALL L A T I N ( Y Y 9 V V p l L s H I L )  

Q B = H I K + (  H I - H I K ) * F A C T  

Q A = H I L + ( H I K - H I L l s F A C T  

1 7  	I F ( L M - 1 )  1 0 7 1 0 v 1 !  
1 0  	Y C = Y ( I , N q l ) + ( Y ( I N q N ~ l ) - Y ( I q N q 1 ) ) 8 F A C T  

V C = V ( 1 9 N q 1 ) + ( V ( I N , N 7 1 ) - V ( I , N q l ) ) * F A C T  

CALL G E O M ( l q M C y A C q Y C q R C v T C v D C p l t N )  

I F ( N . N E . N C )  GO TO 1 4  

'CALL L A T I N ( Y Y t V V , I N , H I N )  
Q C = H I + (  H I N - H I  )*FACT 
1 4  CALL C H A R A C ( V C q D C q V B s D B v D X ( 2 9 2 ) q N 7 V E y D E v D X B E ? - l e p O C y Q B q Q E y - l w )  
32  C A L L  C H A R A C I V A ~ D A , V B ~ D ~ ~ D X ( ~ ~ ~ ) ~ N ~ V D V D D I D X D B ~ ~ Q A ~ I. 
CALL P A S S ( Y N N ~ V N N ~ T I M E T Y M I N I ( I , N ) V N V I )  1 . 
CALL G E O M ( 1 v I K ~ A N N ~ Y N N q R N N ~ T N N ~ D N N v l ~ N l  
I F ( F T E S T ( V N N I D N N I D P F ( Y N N T N ) ) )  1 8 7 1 9 ~ 1 9  
1 8  	I F ( K K - 1 )  2 2 ~ 2 2 1 2 3  





GO T O  2 4  I 




C D I S C O N T I N U I T Y  AT THE F I R S T  QUARTER OF THE D I S T A N C E  BETWEEN 
C  I K - T H  AND I - T H  G K I D  P O I N T S  
2 5  	V J L ( l q N ~ 2 ) = V I I L q M p 2 ) + ( V ( I # s N p 2 ) - V ( I L q N q 2 ) ) * 1 ~ 1 2 S  

Y J L ( I , N ~ ~ ) = Y I I L ~ N ~ ~ ) + ( Y ~ I K Y N ~ ~ ) - Y ( I L ~ N ~ Z ) ) * ~ . ~ ~ S  

Y J R ( I p N p 2 ) = Y V N + ( V N N - V V N ) * 1 0 5  

Y J R ( I v N p 2 ) = Y Y N + ( Y N N - Y Y N ) * l 0 5  

FACT=0 .125  

2 7  	X E I  I p N v 2 ) = D X E +  F A C T * D X ( 2 9 2 )  

C A L L  G E O M I l p I  r A J L 9 Y J L ( l p N p 2 ) c B J L J J L p D J L c l v N )  

C A L L  G E O M ( l y 1 9  A J R q Y J R ( I p N p 2 ) p R J R 9 T J R p D J R y l q N )  

X J D O T ( I p N p 2 ) = ( A J R * V J R ( I 7 N p Z ) - A J L * V J L ( I p N 2 ) / ( A J R - A J L )  

IF(N.EQ.NC) GO TO 63 

W R I T E ( b p 2 2 2 )  N 

2 2 2  F O R M A T ( / / 2 X p 2 4 H A T  THE OVERLAND FLOW N O . q I 2 )  
GO TO 6 4  
6 3  W R I T E ( 6 9 2 2 3 1  
2 2 3  F O R M A T ( / / 2 X q 1 9 H A T  THE CHANNEL FLOW) 
6 4  W R I T E ( 6 p 2 0 0 )  X E ( 1 7 N q 2 1 p X J D O T (  I ~ N , ~ ) ~ v J L ( I ~ N ~ ~ ) ~ Y J L ( I ~ N , ~ ) ~ V J R ( I ~ N ~  
1 2 ) r Y J R ( I p N q 2 )  
2 0 0  F O R M A T ( / 2 X q 1 0 H J U M P  AT X = 9 E 1 0 . 4 0 3 X p l l H W I T H  X J D O T = ~ E L O ~ ~ ~ ~ X ~ ~ H V J L = ~ E  
1 1 0 . 4 e 2 X p 4 H Y J L = p E 1 0 . 4 P 2 X p 4 H V J R = q E 1 0 ~ 4 ~ 2 X ~ 4 H Y J R = q E 1 0 E 4 )  
RETURN 
c 
C D I S C O N T I N U I T Y  AT THE T H I R D  QUARTER OF THE D I S T A N C E  BETWEEN 
C I K - T H  AND I - T H  G R I D  P O I N T S  
2 6  	V J L ( I q N q 2 ) = V I I K q N q 2 ) + ( V V N - V ( I K q N q 2 ) ) + 1 . 2 5  
Y J L ( I r N 9 2 ) = Y ( I K y N 9 2 ) + ( Y Y N - Y ( I K , N 1 2 ) ) * 1 - 2 5  

V J R ( I e N y 2 ) = V ( I y N q 2 ) + ( V N N - \ I ( I q N q 2 ) ) * 1 ~ 5  

Y J R ( I q N 9 2 ) = Y ( I ~ N p Z ) + ( Y N N - Y ( I p N v 2 ) ) * 1 . 5  

FACT=O. 6 2 5  
GO TO 2 7  

1 9  I F ( K K - 1 )  2 8 1 2 8 q 2 9  









FACT=O - 7 5  

GO TO 2 4  

2 9  I F ( K K K - 1 )  3 0 ~ 3 0 q 3 1  
C 
C D I S C O N T I N U I T Y  AT THE SECOND QUARTER OF THE D I S T A N C E  BETWEEN 
C I K - T H  AND I - T H  G R I D  P O I N T S  
3 0  	V J L ( I q N q 2 ) = V ( I K q N , 2 ) + ( V N N - V ( I K q N ~ 2 ) ) * l e 5  

Y J L ( I p N q 2 ) = Y ( I K q N 9 2 ) + ( Y N N - Y ( I # p N p 2 ) ) * 1 ~ 5  

~ V J R ( 1 9 N p 2 ) = V ( I q N ~ 2 ) + ( V V N - V ( I & ~ 2 ) ) * 1 . 2 5  
Y J R ~ I ~ N ~ ~ ~ = Y ~ I ~ N ~ ~ ) + [ Y Y N - Y ( I D N ~ ~ I I * ~ ~ ~ ~  

FACT=0 .375  
GO TO 2 7  
C 
C D I S C O N T I N U I T Y  AT THE FOURTH QUARTER OF THE D I S T A N C E  BETWEEN 
C I K - T H  AND I - T H  G R I D  P O I N T S  
3 1  	V J L ( I q N 9 2 ) = V V N + ( V N N - V V N ) * l l . 5  

Y J L ( I , N q 2 ) = Y Y N + ( Y N N - Y Y N ) * 1 - 5  

V J R ( I ~ M ~ ~ ) = V ( I N ~ N ~ ~ ) + ( V ( I ~ N ~ ~ ) - V ( I N ~ N V ~ ) ) * ~ ~ ~ ~ ~  

Y J R ( I ~ M ~ ~ ) = Y ( I N ~ N V ~ ) + ( Y ( I D N ~ ~ ) - Y ( I N ~ N ~ ~ ) ) * ~ ~ ~ Z ~  

FACT=0 .875  

GO TO 2 7  

11 C A L L  C H A R A C ( V A q D A 7 V 8 v D B 9 D X ( 2 q 2 ) ~ N ~ V E q D E q D X B E 9 - l ~ ~ Q A , Q B 9 Q E q l e )  

GO TO 3 2  

END 
APPENDIX 23. SUBROUTINE "UPBOU" 
Th i s  s u b r ou t i n e  computes t h e  v e l o c i t y  and dep th  a t  t h e  upst ream 
boundary of  a f l ow  by t h e  method d e s c r i b e d  i n  S e c t i o n  3.1.  
I n  t h i s  s u b r o u t i n e  two c a s e s  a r e  cons ide r ed :  F i r s t ,  t h e r e . i s  no 
jump between P and N (F ig .  3a) ;  and second ,  t h e r e  i s  a jump (F ig .  25) which 
moves ups t ream.  There  i s  no p o s s i b i l i t y  of having a jump between p o i n t s  L 
and M because  of  t h e  boundary c o n d i t i o n  of z e ro  v e l o c i t y  o r  t h e  Froude number 
a t  L b e i n g  less t han  one.  The c o n s i d e r a t i o n  of a jump between P and N i s  
temporary  f o r  more a c c u r a t e  computat ion a t  p o i n t  P. A f t e r  t h i s  computat ion,  
t h i s  jump i s  d i s r e g a r d ed  because  t h e  Froude number becomes less t h a n  one 
a g a i n  a t  P. 
For  t h e  c a s e  of no jump between P and N, s u b r o u t i n e  CONT i s  c a l l e d  
t o  compute t h e  v e l o c i t y  and dep th  a t  P  a cco rd ing  t o  t h e  fo rmulas  o f  Chapter 3. 
For  t h e  c a s e  of  a jump (F ig .  25) t h e  v e l o c i t y  and dep th  a t  p o i n t  A a r e  found 
by i n t e r p o l a t i o n  between p o i n t s  L and M. Po i n t  A i s  l o c a t e d  a t  a d i s t a n c e  
from L e q u a l  t o  t h e  d i s t a n c e  o f  J from P. Then, a g a i n  s u b r o u t i n e  CONT i s2 
c a l l e d  t o  compute P .  I n  t h i s  c a s e  t h e  c o n t i n u i t y  c o n d i t i o n  i s  a p p l i e d  t o  
p o i n t s  L and A l e f t  of J and P a2 
F i g .  25. Upstream Boundary w i t h  a Hydraulic Jump 
SIJBWOUT IPJE UPSOU 1 M )  
TO 	 EVALUATE V  AND Y AT THE UPSTREAM BOUNDARY 
DIHEMSION Y ( 4 L s 1 8 p 2 ) ~ V 1 4 L p l 8 ~ 2 ) ~ J L ( 4 1 p 1 8 p 2 ) p Y J L ( 4 l ~ l 8 v 2 ) ~ Y J R ( 4 1 ~ I  
1 8 r 2 ) ~ Y J R l 4 1 ~ 1 8 ~ 2 ) 7 X E f 4 1 9 i 8 9 2 ) ~ ~ J D O T ~ 4 1 p l 8 ~ 2 ~ ~ V V ~ l 7 ~ 2 ~ ~ Y Y ~ l ~ ~ 2 ~ ~ X X l  

2 1 7 ~ 2 ) p L L i 1 8 ~ 2 B 1 Y M I M l ~ 4 L ~ 1 8 1 p D X ~ 2 ~ 2 ~  

DIMENSION H i 2 5 ) ~ B ( 2 5 ) ~ H H ( 1 5 ) g 1 3 0 ( 1 0 )  

COHMON Y I H p V J L , Y J L P V J R p Y J R 9 X E 9 ~ J D O T 9 V V ~ Y Y p X X ~ L L / ~ M I / Y M i N I / P A R A M / H ~  

~ B P H H ~ B B ~ D T / S T O R / Q Q ~ V ~ W E ~ Q ~ L L ~ . / X ' ; ~ / D X ~ L L C ~ N ~ ~ L L ~  

H 1 5 = H 1 1 5 )  

0 1 0 - 0 1 1 0  

DXC=DXI 1 7 1 )  

DXC I S  DX BETWEEN THE F I R S T  AND SECOND G R I D  P O i N T S  

% F ( Y ~ ~ ~ N ~ L I . L E , Y H I N I ~ ~ P N ? ~ O R ~ Y ~ ~ ~ P ~ I ~ ) ~ L E 
GO TO 444 





H ( 1 5 ) = H H 1  1 5 )  

8 ( 1 0 ) = 0 8 ( 1 0 )  

IF(N,NE,NC) GO TO 34 

D X C = D X I 2 r l )  

H (  1 5 l = H 1 5  

B ( 1 0 ) = 8 1 0  

CALL L n T I N t Y Y p V Y , 1 9 Q 8 i  

CALL L A T I N ( Y Y ~ V V 7 2 v Q B )  

CHECK FOR JUMP WHICH MOVED FROM DOMNSTREAH BETWEEN THE F I R S T  AND 

SECOND G R I D  POINTS 

3 4  IFIXE(2rMs2)I 8 5 9 8 5 8 8 4  
5 0  Q2=QA+( (QB-OA)*DXl /DXC)  
C a L L  C O N T ( Y ~ ~ ~ ~ V ~ ~ Y ( ~ ~ M ~ P ) O ~ B Q I ~ ~ N L ~ ~ ~ ~ Y J L ~ Z I N ~ ~ ) ~ ~ J L ( Z ~ ~ V ~ ~ ~ Y (17N9 
12)pVIl,Np2)sDXl,NvQ29QA) 

Y J L ( 2 ~ M e 2 ) = 0 , 0  

V J L ( 2 r N p Z ) = O . O  

V J R ( 2 p N p 2 ) = O o 0  

YJR12pMs2)=0 ,0  

X J D O T ( Z ~ M o Z ) = O , O  

X E ( 2 7 N p 2 ) = 0 . 0  

8 2  	H ( 1 5 1 = H 1 5  





8 4  D X l = X E ( 2 p N 9 2 )  
Y 2 = Y ( l p N ~ l ) + ( l Y f 2 9 N 9 i ) - Y ~ l ~ M ~ 1 ~ ) * X E ~ 2 ~ N s 2 ) / D X C )  

V 2 = V I l y N q l ) + ( ( V ( 2 ~ N p l ) - V ( l p M p l ) ) * X E ( 2 9 N ~ 2 ) / O X C )  

GO TO 5 0  

85 CALL C O N T ~ Y ~ Z p N p l I 9 2 s V ~ 2 p N l f ~ ~ Y ! ? 7 ? 4 9 ? ! p f ~ V ~ ? 7 N ~ l ) i Y ! 2 i P ! w 2 ! p ' ! ~ 2 ~ N i 2  

l ~ v Y ~ 1 ~ N ~ 2 ) v V ( l s N s 2 ) ~ D X C v M ~ Q B P O B )  

C 
C SEARCH FOR C R I T I C A L  SECTION AND A N Y  NEW HYDRAULIC JUMP BETWEEN 
C THE SECOND AND THIRD GRID POINTS 
C 
445 CALL ~ E 0 M ( l ~ l ~ A 1 2 ~ Y ( l ~ N ~ 2 ~ ~ R I 2 p T 1 2 ~ D 1 2 v 1 ~ N )  

CALL G E O H ( ~ ~ ~ ~ A ~ ~ ~ Y ( Z ~ N ~ ~ ) P W ~ ~ P T ~ ~ B O ~ ~ ~ ~ B N )  

T E S T ~ ~ = F T E S T I V ( ~ , N ~ ~ ~ , D ~ ~ ~ D P P ; ( Y ~ ~ P N ~ ~ ) ~ N ) )  

I F ( T E S T 2 2 )  8 2 9 3 3 4 7 3 3 5  

3 3 4  XS=DXC 
GO TO 3 3 3  
3 3 5  	CALL C R I S E C ( Y ~ l p M s 2 ) s Y ( ~ ~ ~ ~ 2 ~ ~ o e 0 ~ ~ X c q X ~ ~ ~ ~ 2 ~ ~ 2 2 ~ ~ )  

I F ( X E ( 3 p N o Z l e N E , O m O )  GO 7 0  333 

CALL G E O H ( ~ ~ ~ P A ~ ~ ~ Y ( ~ P N ~ ~ ! ~ W ~ Z ~ T ~ ~ B D ~ ~ P ~ D N )  

P E S T ~ ~ = F ~ E S T ~ V ( ~ ~ N ~ ~ ) ~ D ~ ~ ~ D P F I Y ~ ~ P W I O ~ ) ~ M I )  

H F i T E S T 3 2 )  3 3 4 9 3 3 6 9 3 3 3  

336  CALL F I N D J ( 3 q N p 2 c l p l e 4 9 5 )  

3 3 3  IF(N,EB.WC) W W I T E 1 6 p l b O l  

IF(N.NE,MC) W W I 7 E ( 6 p 1 5 1 )  N 

1 0 1  FORMAT( / /2X724WAT THE OVERLAND FLOW N O * s 1 2 1  

1 1 0  F O R # A T ( / / 2 X p 1 9 # 8 7  THE CHANNEL FLOW) 

103 FOJ2MBT( /2Xp45HIF  THERE I S  A C R I T I C A L  SECTlONp I T  I S  AT X =  p F10.  

1 5 o 5 X ~ 9 H (  AT T I W E s F l O o 4 1 7 H  ) / 1 

W R I T f ( 6 a l 0 3 )  X S P T I H E  

GO TO 8 2  

444 	V I l ~ M q Z ) = O e O  

Y ( 1 7 N r Z ) = Y ~ I H l ~ l s N l  

I F ( Y ( 2 q M p Z ) e L E ~ Y # ! M I ( 2 p N ) )  GO TO 8 2  





APPENDIX 24, SUBROUTINE "cONT" 

This s u b r o u t i n e  computes t h e  d e p t h  a t  t h e  ups t ream boundary  
a c c o r d i n g  t o  Eqs. (3.5) t o  (3 .11)  o f  S e c t i o n  3.1. 
I t  s hou l d  be  no t ed  t h a t  i n  this s u b r o u t i n e  t h e  d i s t a n c e  Ax (F ig .  3a)  
i s  an  i n p u t  v a r i a b l e  and i s  n o t  a c o n s t a n t ,  
SUBROUTINE C 0 M T ( Y 2 ~ I 2 8 V 2 9 V 1 ~ I l ~ V 1 t Y 2 2 p V 2 2 I Y I 1 P V ~ 1 y D X l ~ N ~ Q 2 ~ Q ~ ~  
C 
C TO DETERMINE DEPTH ( Y l . 1 )  AND V E L O C I T Y  ( V 1 1 1  A T  THE U P S T R E A M  
C BOUNDARY USING THE EQUATION OF CONT INU I TY  
C 
DIMENSION H ( ~ ~ ) ~ B ( ~ ~ ~ ~ H H ( ~ ~ ) ~ B B ~ I O ~ ~ Y M I N I I I ~ ~ ~ ~ ~ ~  

C O M M O N / P A R A M i W 1 B 9 H H ~ B B ~ D T / S B O W / Q Q t T I M E ~ Q ~ L L l / Y M I / Y M I N I  

T I M S = B X M E  





CALL G E O M ( ~ ~ P ~ ~ A ~ ~ Y ~ ~ R Z ~ B Z ~ O ~ ~ B ~ N )  

H 2 = W Q 2 1  

H E 6 = W (  1 6 )  

CALL S T O R M ( 1 1 v N )  

CALL G E O M ~ B P Z ~ ~ A P ~ Y ~ ~ R ~ ~ T ~ ~ D ~ ~ ~ ~ N ~  

HZ=H2+W(21  I 

H16=Hhb+H4 16 4 

T I M E = T I M S  
CALL STBRM(I2pNB 
CALL ~ E B M $ l y I 2 9 A 2 2 9 Y 2 2 ~ W 2 2 ~ T 2 2 ~ D 2 2 ~ 1 y N l  
H2=H2+H ( 2 8 
H16=HB6+Wd 1 6 )  
CALL S T O R M ( I l p N 4  
H 2 = ( H Z + H ( 2 1  IP4 ,  
H 1 6 = ( H 1 6 + W ( 1 6 )  11'4, 
H17=(QP+Q2P/2e 

T = ( T 2 + % h + T 2 2 ) / 3 ,  
A P 1 = A % - A 2 2 + A 2 + 2 , * O T * I ~ H ~ P 5 ~ * ~ H 2 - H 1 6 B * ~ B ~ ~ ~ / ~ 4 3 2 O O e * B ~ 6 ~ ~ ~ * T * B ~ 2 ~ * 5  

1 I 1 9 ~ / 8 ~ 2 2 ) ) + 8 ~ 2 ) ~ W 1 7 ~ ~ $ l i ] b 9 ~ * H ~ 5 ~ ~ ~ - Q . V 2 * A 2 + V 2 2 * A 2 2 ~ ~ ( D T / D X l ~  
Vll=O,O 
C A L L  G E O M ( 3 7 1 1 ~ y A ~ b 1 t Y P P . ~ W b 1 r T 1 1 r D 1 1 r 1 ~ N )  
I F ( Y l l - Y M I N I ( I 1 ~ N ) ) 20921r21 
20 	Y % 1 = Y M I N I ( I T y N )  a 

2 1  	RETURN - .  
END 
1 
APPENDIX 25, SUBROUTINE "DOWBOU" 




A of t h e  channe l  by t h e  g e n e r a l  method de sc r i bed  i n  S e c t i o n  3 .2 .  F i gu r e  26 
shows t h e  g r i d  p o i n t s  and t h e  p o s s i b l e  jump p o s i t i o n s  which a r e  cons ide r ed  
4 

I i n  DOWBOU. The f low c ond i t i o n s  a t  p o i n t s  L, M,  N a r e  known and P  i s  t h e  
p o i n t  t o  b e  computed. I f  t h e r e  i s  a jump J a t  t i m e  t between p o i n t s  M and1 
L ( t h e  l a s t  g r i d  i n t e r v a l ) ,  t h e n  t h r e e  p o s s i b l e  new l o c a t i o n s  of  t h e  jump a r e  
1 
con s i d e r e d  a t  t i m e  t + A t .  The f o l l ow ing  c a s e s  i n  F i g .  26 can  b e  d i s c u s s e d :  
V1 
Case { a ) .  I f  t h e  v e l o c i t y  of p ropaga t i on  of  t h e  jump i s  p o s i t i v e  
(moving downstream),  t h en  t h e  jump h a s  moved ou t  of t h e  boundary and t h e r e  
i i s  no  jump a t  t i m e  t + A t .  S i nce  P i s  l o c a t e d  a t  t h e  l e f t  of t h e  jump 
1 
p a t h ,  t h e  f l ow  i s  s u p e r c r i t i c a l  i n  t h i s  r eg ion .  Then t h e  f low p r o f i l e  a t  
M and l e f t  o f  J i s  assumed l i n e a r '  and by e x t r a p o l a t i o n  t h e  f l ow  a t  L f o r1 
s u p e r c r i t i c a l  f l ow  i s  de te rmined .  For  t h e  s u p e r c r i t i c a l  f l ow  c ond i t i o n s  a t  
M and L t h e  C-i- and C- are used  t o  de t e rm ine  t h e  v e l o c i t y  and dep th  a t  P .  
Case (b) . The new p o s i t i o n  of jump J i s  a g a i n  a t  t h e  l a s t  g r i d  2 
i n t e r v a l .  By e x t r a p o l a t i o n  from p o i n t s  L  and r i g h t  o f  J t h e  f l ow  p r o f i l e  
- - 1' 
a t  A i s  de te rmined  (J P = AI,). Again t h e  p r o f i l e  i s  assumed l i n e a r .  A t  t h e2 

r i g h t  of  l i n e  J - J2,  t h e  f l ow  i s  s u b c r i t i c a l ,  and s u b r o u t i n e  BOSS i s  c a l l e d1 
t o  de t e rm ine  t h e  v e l o c i t y  and dep th  a t  P ,  us ing  t h e  boundary c o n d i t i o n  and 
c o n t i n u i t y  c o n d i t i o n  among p o i n t s  L, A,  r i g h t  of J and P ,  a s  i t  was2 
d i s c u s s e d  i n  S e c t i o n  3.2.  
1 Case ( c ) .  The c ond i t i o n  i s  s i m i l a r  t o  c a s e  ( b ) ,  b u t  t h e  new p o s i t i o n  
of t h e  jump i s  upst ream a t  N. By e x t r a p o l a t i o n ,  a new p r o f i l e  i s  determined 
between M and J and aga in  s u b r o u t i n e  BOSS i s  c a l l e d  f o r  computat ion a t  1 
p o i n t s  L, M, N and P. 
Case (d)  . The jump moves f rom upstream i n t o  t h e  l a s t  g r i d  i n t e r v a l .  
P o i n t  A  i s  computed by i n t e r p o l a t i o n  between M and L. Sub rou t i ne  BOSS i s  
c a l l e d  f o r  p o i n t s  L, A, r i g h t  of J and Po  2 
Case ( e ) .  For t h e  c a s e  o f  no jump between M and L, and N and P,  
+
t h e  f l ow  c o n d i t i o n s  a t  P  are determined by u s i ng  C and C- c h a r a c t e r i s t i c s  
f o r  t h e  s u p e r c r i t i c a l  f low c a s e ,  o r  by t h e  c o n t i n u i t y  c ond i t i o n  and boundary 
c o n d i t i o n  f o r  t h e  s u b c r i t i c a l  f l ow  c a s e .  
Case (a) 

Case ( b )  	 Case 
case  ( d )  . 	 Case (e)  
F i g .  26 .  	 The G r i d  Points  a t  t h e  Dawnstream , 
Boundary of t h e  Channel F l a w  
SUBROUTINE DOWBOU(*) 
TO 	 DETERWINE V  AND Y  AT THE DOWNSTREAM BOUNDARY OF CHANNEL FLOW 
DIMENSION Y ( 4 1 q l 8 9 2 ) ~ V ( 4 1 p l B p 2 ) 9 V J L ~ 4 1 p 1 8 ~ 2 ) ~ Y J L ( 4 1 ~ ~ 8 ~ ~ ) v ~ ~ ~ ~ ~ ~ l ~ l  
1 8 9 2 ) s Y J R ~ 4 1 r 1 8 p Z ) p X E ~ 4 ~ 9 ~ 8 O 2 ~ P ~ ~ ~ ~ T ( 4 1 p ~ 8 ~ 2 ~ ~ ~ V ~ l 7 ~ 2 ~ ~ ~ ~ ~ l 7 p 2 ~ v X X ~  
2 1 7 ~ 2 ) o L L ( 1 8 ~ 2 ) 9 V M I N I ~ 4 1 p 1 8 ) 1 D X ( 2 p 2 )  
DIMENSION H(25)pB(25)r#H(15)pBB(lO) 

DOUBLE P R E C I S I O N  V E p D E p V D q D D e D X D B ~ D X B E s Q E q Q D  

COMMON Y p V ~ V J L P Y J L p V J R r Y J W ~ X E P X J O O T ~ V M 9 Y Y p X X p ~ L / ~ ~ I / Y H 1 N I / P A R A ~ ~ H ~  

~ B ~ H H Q B B ~ D T / S T O R / Q Q ~ T I ~ E ~ Q ~ L L ~ / X W / D X ~ L L C ~ N C ~ L ~ O / D / ~ ~ D ~ ~ D D ~ V U ~ Q D ~ E / D  







D X E = D X I ( N C v M )  

CALL L A T I N (  YY 7VVvtqpHLL I 

CALL L A T I N ( Y Y 7 V V v L v H L A )  

CHECK FOR JUMP I N  THE LAST G R I D  INTERVAL 




I F ( X J D O T ( M s N C v 1 ) )  1 3 9 1 3 r 4 0  

THE JUMP MOVES DOWNSTREAM AND PASSES THE BOUNDARY 
40 	V L L ~ V ( L p N C 9 l ) + ( ( ~ ~ ~ ( ~ ~ ~ ~ 9 1 ) - V ( ~ ~ N ~ ~ 1 ) ) * D ~ ( 2 p 2 ) / ( ~ ~ ( ~ q ~ ~ ~ l ) - D X E + D ~ (  

1 2 1 2 )  1 )  
Y L L = Y ( C ~ N C p l l + ( ( Y J L ( P B ~ N C p 1 \ - Y ~ L B N C p 1 ) ) * O X ( 2 v 2 ~ / ~ X E ( M ~ ~ C ~ l ) - D X E + D X (  

120 2  

CALL G E O H ( l v L t A L A r Y ( L p N C p 8 ) p R L A s T L A ~ D L A p 1 ~ N C )  

CALL G E O H ( ~ ~ H ~ A L L ~ Y L L V W L L J L L I D L L ~ ~ B N C )  





CALL C H A R A C ( V ( L I N C , ~ ) ~ D L A ~ L L ~ D L L ~ D % ( ~ ~ ~ ) & V V 
1 * 9 H L A 9 H L  

1 L 9 Q D q l a  

CALL P A S S ( Y ( # ~ N C ~ Z ) ~ V ( M ~ Y C ~ Z ) V T I H E ~ Y M ] I N I ( M ~ P ( C ) ~ N C ~ M )  

1 8  	VJR(W9NCv2)=0 .0  
Y J R ( H ~ N C P ~ ) = O * O  
YJL(W,NC92)=O.O 
VJL(MINC~Z)=O.O 






1 3  CALL J U M P ( M 9 N C 9 & 2 6 3 s L p L - l ~ L - 2 v t . l o F 4 )  
CHECK FOR THE NEW LOCATION OF THE JUMP 
THE JUMP I S  LOCATED AT THE LAST GWID INTERVAL 
1 9  E J l L = D X E - X E ( M * N C 9 2  
V J l = V ~ M v N C 9 1 ) + ( E J 1 L * ( V ~ R ~ M ~ N C ~ l ) - V ~ M ~ ~ C ~ l ~ ) / € J L )  

Y J ~ = Y ( H ~ N C ~ ~ ) + ( E J ~ L * ~ Y J R ( H ~ N C ~ ~ ) - Y ~ M ~ N C ~ ~ ) ~ / € J L ~  

H J l = H L L + ( ( H L A - H L L ) * E J l L / D X ( 2 d ) )  

CALL B D S S ( Y J ~ ~ V J ~ ~ Y ( # ~ N C ~ ~ ) ~ V ~ H ~ N C ~ ~ ~ P Y J R ~ H ~ N C ~ ~ ) ~ V J R ~ H ~ N C ~ ~ ) ~ Y ( # ~  





THE JUMP MOVED UPSTREAM AND O U T S I M  OF THE LAST G R I D  INTERVAL 
2 0  	X l = E J L - D X ( Z v 2 )  
CALL R I G H T J ( Y ~ L ~ ~ C ~ ~ ) ~ V ( L P H C I ~ ) B X ~ B H ~ ~ V ~ V P B C O L ~ L - ~ ~ L - Z )  
V L A ~ V ( H ~ N C ~ ~ ) + ( ( V J R ( M ~ H C ~ ~ ) - V ( ~ . ~ B N C ~ ~ ) ) * D X ( ~ ~ ~ ) / € K J ~ )  
Y L A = Y ( H ~ N C ~ ~ ) + ( ( Y J R ( M B N C ~ ~ ) - Y ( H ~ N C ~ ~ J ) * D X ( ~ ~ ~ ) / E K J ~ )  

CALL B O S S ( Y L A p V L A r Y ( M p M C p l ) p V ( M q H C g 1 l ~ Y ( L f i 2 ) v V ( L p N C p 2 ) v Y ( M 9 N C q 2  
l)~V(#rNC92)9DX(2,2)vNCvHLAsHLL) 

2 1  	X J D O T ( L ~ N C p 2 ) = X J D O T ( M ~ N C 9 2 )  
X E ( L v N C v 2 ) =  X E ( M , N C v 2 )  

V J R ( L , N C 9 2 ) =  VJR I W r N C p 2 )  

Y J R ( L p N C 9 2 ) =  Y J R ( M 9 N C y Z )  

Y J L ( L , N C ? Z ) =  Y J L ( M p N C t 2 )  

V J L ( L v N C v Z ) =  V J L ( M p N C y 2 )  

GO 	 TO 1 8  
CHECK I F  ANY JUMP MOVED FROM UPSTREAH TO THE L A S T  GWID kNTEWVAL 
JUMP HAS MOVED FROM UPSTREAM TO THE LAST G R I D  I N T E R V A L  

F A C T = ( X E ( M ~ N C ~ ~ ) - O X E + D X ( ~ P ~ ) ) / D X ( ~ ~ ~ ) 
. 
V J ~ = V ( L I N C I ~ ) + ( V ( H ~ N C ~ ~ ) - V ( L P N C , ~ ) ) * F B C T  

Y J ~ = Y ( L V N C ~ ~ ) + ( Y I M ~ N C , ~ ) - Y ~ L I N C I ~ ) ) * F A C T  

HJZ=HLA+ I HLL-HLA )*FACT 

D X l z D X E - X E ( M y N C 9 2 )  

CALL B O S S ( Y J ~ , V J ~ ~ Y I H ~ N C ~ ~ ) ~ W ~ B I ~ R I C ~ ~ ) ~ Y J ~ ~ ~ P ~ ~ ~ ~ ) V ~ J ~ ( ~ W N ~ V ~ ) V ~ ( ~ P  
~ N C , ~ ) ~ V ( M ~ N C ~ ~ ) V O X ~ ~ N C ~ I - I J ~ ~ H L L )  
RETURN 
C 
C NO JUMP I N  THE LAST GRID INTERVAL 
30  	CALL G E O W ( l r W v A L L , Y ( # y N C ~ l ) s R L ~ ~ T L L s D L L ~ l v N C )  

CALL G E O H ( l t L v A L A ~ Y ( L p N C 9 1 ) ~ R L A ~ ~ L ~ ~ D L A ~ 1 v N c )  

T E S T A = F T E S T ( V ( L 9 M C v l ) v D ~ A ~ D P F ~ Y ~ L ~ N C ~ l ) 9 N C ) )  

I F (TESTA1  999,9969996 
c 
C SUPERCRIT ICAL FLOW 
9 9 6  CALL C H A R A C ( V ( L , N C ~ ~ )  ~ 0 ~ L ~ D X 1 0 7  2 9 2r ~ ~ 8 , q ~ ( ~ ~ C q l )  ~ 
~ H L A P H L L ~ Q D v ~ ~ )  
CALL C H A R A C ( V ( L ~ N C ~ ~ ) ~ O L A ~ V ( ~ ~ F ~ C ~ ~ ) Q D L L ~ D X ( Z V ~ ) ~ N ~ ? V E ~ ~ ~ ~ ~ X ~ ~ V ~ ~ ~ ~  
~ H L A , H L L I O E ~ ~ . ~ )  

CALL P A S S ( Y ( M ~ N C ~ ~ ) ~ V ( ~ ~ N C P ~ ) ~ T I ~ ~ ~ ~ ~ ? ~ ~ ~ ~ ~ ~ ~ ) V ~ ~ ~ ~ )  

GO TO 32 

C 
C SUBCRITICAL FLOW 
9 9 9  CALL B O S S ~ Y ( L 9 N C p l ) ~ V ( L I ~ l ) ~ ~ ( ~ p ~ C p l ) ~ ~ ~ ~ ~ N ~ ~ l ) v ~ ~ ~ ~ ~ ~ ~ ~ ) ~ ~ ( ~ 9 ~ ~  
l p 2 ) ~ Y ( H ~ N C q 2 ) s ~ ( M q ~ 2 ) p o X ( 2 p 2 ) p N c p ~ L A ~ ~ L L ~  
C 
C SEARCH FOR CRITICAL SECTION AND ANY NEW HYOAULIC JUMP 
C  
32  	CALL G E o H ( ~ ~ M ~ A L L I Y ( M ~ N C I ~ ) , R L L J L L V D L L P ~ ~ N C )  

CALL G E O M ( ~ ~ L V A L A ~ Y ( L ~ N C ~ ~ ) ~ R L A P T L A ~ D L A V ~ P N ~ )  

T E S T L = F T E S T ( V ( M ~ N C ~ ~ ) ~ D L L ~ D P F ( Y ( M V N C ~ ~ ) I N C ) )  

T E S T A = F T E S T ( V ( L ~ N C ~ ~ ) ~ , O L A P D P F ~ Y ( L ~ N C ~ ~ ) ~ N C ) )  

I F (ABS(TESTL) -0 ,0001 )  77797778778  

778  I F ( T E S T L 1  7799777,776 





I F ( X E ( L ~ N C p 2 ) ~ N E e O ~ O )G  TO 1 8  

CALL G E O M ( ~ ~ L L A ~ A L L A ~ Y ( L L A ~ N C P ~ ) ~ R L L ~ L L A ~ ~ ~ N C )  

T E S T L A = F T E S T ( V ( L L A , N C ~ ~ ) ~ D L L A I D P F ( Y ~ L L A P N C ~ ~ ) ~ N C ) )  

I F (TESTLA1  18q333v333  

3 3 3  CALL FINDJ(L9NCpLLAvLLA-1vLLA-2rnpH)  

GO TO 1 8  

7 7 6  I F ( T E S T A )  7 7 3 ~ 9 9 p 1 8  

7 7 3  DXXaDXE-DX(292) 

CALL C R I S E C ( V ( L r N C p Z ) p V ( M p N C ~ 2 l ? D X X ? D X ~ 2 ~ 2 ! , X S ~ O L A ~ O L L ~ N C ~  

7 7 2  WRITEI69 1 1 0 )  

1 1 0  FORHAT(//2X919HAT THE CHANNEL FLOW) 

WRITE( 6 7 1 0 3 )  XSvTIME 

1 0 3  F O R H W T [ / ~ X I ~ ~ H ~ F  IS A CRITICAL SECTION9 I T  I S  AT X =  9
THERE F10. 

15q5Xq9H1 AT T IMEpF lOe4r7H  ) / I  

GO TO 779  

7 7 7  XS=OXE 

GO TO 772  









APPENDIX 26. SUBROUTINE "BOSS" 
This  sub rou t ine  s o l v e s  t h e  system of E q s ,  (3 ,12)  and (3 ,16)  of 
S e c t i on  3 .2  f o r  t he  depth and v e l o c i t y  a t  t he  downstream boundary of t h e  
channel  f low i n  t he  case  of s u b c r i t i c a l  f low upstream of t h e  boundary,  En 
us ing  t h e  Newton-Raphson method f o r  t h e  numerical  s o l u t i o n  t h e  fol lowing a r e  
cons idered  (F i g ,  3c) : 
0
F1 = (Ax + V,At) h +-
cose 
D A t  V + (hN - \ - hL) AXP cose S P 
z 
cose 









F 2 = - - 0 nS a t  -d V ~  
cos 0 
z dhp 
where V = (VL + V M +  vN)/3,  DS = (DL + D M +  ~ * ) / 3 , rS = ( rL  + r f r + r p ) / 4 ,S M N 
i = ( i L  f i + i 4- i p ) / 4 ,  TS = and q =(TL f TN + ~ ~ ) / 3 , (qLL f qLM)/2;S M N LS 
and from Eq .  ( 3 . 1 2 ) ,  
cos e 
z * $ P p - cose0 + h p  1 
and 
because from Eq ,  ( 3 ,17 ) ,  
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APPENDIX 27, SUBROUTINE "DOWBIN" 
A s  mentioned i n  Sec t i on  3.3, a t  the  downstream boundary of t h e  
over land  f low,  t h e  v a r i a t i o n  i n  dep th  and v e l o c i t y  i s  cons idered  l i n e a r .  It 
i s  a l s o  assumed t h a t  any jump which moves i n t o  t h e  r eg ion  of t h e  boundary i s  
d i s s i p a t e d .  I f  L and L a r e  t h e  downstream boundary p o i n t s  a t  time t -and1 2 

t + A t ,  r e s p e c t i v e l y ,  then t h e r e  a r e  t h r e e  cases  f o r  t h e  computation a t  t h e  

downstream boundary o f  over land flow (F ig .  27).  By cons ide r ing  only t h r e e  
c a s e s ,  i t  i s  assumed t h a t  t h e  t i m e  i n t e r v a l  A t  i s  s m a l l  enough s o  t h a t  
p o i n t  L and L w i l l  be  l o c a t e d  e i t h e r  i n  t he  same g r i d  i n t e r v a l  [ ca se  ( a ) ]  1 2 
o r  i n  two ad j acen t  i n t e r v a l s  [ ca se s  (b )  and ( c ) ]  It i s  f u r t h e r  assumed t h a t  
t h e  c o n d i t i o n s  on t h e  watershed do n o t  c r e a t e  an over land  flow w i t h  l e s s  
than  two g r i d  p o i n t s .  The fo l lowing  ca se s  i n  F ig .  2 7  can b e  d i s cus sed :  
Case (a )  . The p o i n t s  t o  b e  computed a r e  L and P .  For  t he  computa- 2 
t i o n  a t  L t h e  va lues  of v e l o c i t y  and depth a t  p o i n t  1 a r e  computed by 2 3 
l i n e a r  e x t r a p o l a t i o n  from p o i n t s  B and L S i m i l a r l y ,  t h e  v a l u e s  a t  p o i n t  I" 

2  a r e  computed by i n t e r p o l a t i o n  between p o i n t s  A and B .  I f  t h e  f low a t  1 i s  
s u p e r c r i t i c a l  o r  c r i t i c a l  t hen  t h e  C' and C- c h a r a c t e r i s t i c s  between 1 and 2 
a r e  used t o  compute t h e  va lues  a t  p o i n t  L For t h e  s u b c r i t i c a l  f low3 p o i n t  2 * 
3 must a l s o  be  computed f o r  t h e  C- c h a r a c t e r i s t i c  between 1 and 3. For 
t h e  computat ion of P 3  only p o i n t  C may b e  n e c e s s a r i l y  determined by ex t rapola -  
t i o n ,  because p o i n t s  A and B a r e  known. 
Case ( b ) .  P o i n t s  P  and L a r e  aga in  computed. T h e  procedure i s2 
similar t o  t h a t  of case  (a ) .  
Case (c )  . Three p o i n t s  a r e  t o  be  computed; i.e . ,  R ,  P ,  and L2 "  
The method of computation i s  t h e  same a s  i n  t h e  p r ev ious  c a s e s ,  
SUBROUTINE DOWBIN(M) 
C 
C TO DETERMINE V AND Y AT THE QOWN%TREA# BOUHOAWY OF OVERLAND FLOW 
C 
DIHENSION Y ( 4 1 ~ 1 8 q 2 ) p ~ 1 4 1 ~ 1 8 v 2 ) o V ~ L I 4 L ~ 1 E ) ~ ~ 1 ~ \ 1 ~ L ( 4 1 ~ 1 ~ ~ 2 1 ~ V J R ~ 4 I ~ 1  
1 8 ~ 2 ) r Y J R 1 4 1 ~ 1 8 o 2 ) s ~ ~ ( 4 1 ~ 1 8 ~ 2 ) ~ ~ ~ ~ 0 T f 4 B ~ ~ e ~ ~ 2 ) ~ ~ W ~ I 7 ~ 2 ) p Y Y ( l ~ ~ 2 ~ ~ X X (  
~ ~ ~ ~ ~ ) ~ L L ( ~ ~ ~ ~ ~ ~ Y # I P ( I ( ~ ~ P L ~ ) V Q X ~ ~ P Z ~  
DIMENSION H ( 2 5 ) q . B l 2 5 ) r b f H ( l 5 ) s B B ( I O )  

. DOUBLE P R E C I S I O N  V E ~ D E ~ V D ~ D D ~ D X D B B Q X B E ~ Q E V O D  

COMMON Y ~ V ~ V J L ? Y J L ~ V J K ~ Y J R ~ X E ~ X J O O T ~ V Y I Y Y ~ X X ~ L L 
J Y W I / Y M I H I / P A R A
i ~ ~ H s ~ q ~ ~ 9 ~ ~ q ~ T ; ~ ~ ~ ~ ~ ~ i j v ~ i ~

Z / X W / D X ? L L C ? N C y L L O  

H 1 5 = H (  1 5 )  

H (  1 5 ) = H H (  15) 

I F ( L L ( N q 2 ) e G T a L L ( N q l ) )  GO TO 70 

L P l = L L ( N ? Z )  

L P 2 = L P l - 1  

C P l z D X I  ( M i L P 1 )  

I F ( X X ( N 9 2 ) e L T e X X I M p l ) )  GO TO 27 

G r i d  
c a s e  (a)  
Ax 
Case (b) 
LP2  LP P 
Case (c )  
F i g .  27. The G r i d  P o i n t s  a t  t he  Downstream 
Boundary o f  the Ove r l a n d  F l w  
122  
C 	 GO T O  1 9  
c ******** C A S E  ( A )  O F  G R I D  P O I N T S  ****a* 2 1  C A L L  G E O M ( l ~ L P 2 9 A P 2 r Y ( L P 2 ~ N ~ 2 ) ~ R P 2 9 T P 2 p D P 2 ~ 1 ~ N )  I F ( F T E S T ( V ( L P ~ ~ N ~ ~ ) V D P ~ ~ D P F ~ Y ~ L P ~ ) ~ M )2 2 9 1 9 9 1 9C 2 2  B L = C P l - D X l l r 2 )C  C O M P U T A T I O N  O F  P O I N T  L 2  C A L L  C R I S E C ( V ( L P 2 ~ N s 2 ) q V ( L P l o N p 2 ) ~ B L V D X ~ 1 ~ 2 ~ ~ X S ~ D P 2 ~ D P ~ ~ N )C 
28 	F A C T ~ ( X X ( N ~ Z ) - C P L ) / ( X X ~ R S ~ ~ ) - G P ~ ~  GO T O  2 3  

Y l = Y ( L P l p N ~ l ) + ( ~ ~ ( N y l ~ - V ( L ~ l ~ N ~ b ) ~ * ~ ~ c T  1 7  X S = X X I N q Z )  

v ~ ~ v ( L P ~ ~ N ~ ~ ) + ( v v ( w ~ ~ ) - v ~ L P ~ ~ N ~ ~ ) ~ * F A C T  GO T O  2 3  

F A C T = ( X X ( M ~ ~ ) - C P ~ ) / D X ( ~ P ~ )  1 8  C A L L  G E O M ( l q L P l ~ A P 1 ~ Y ( L P 1 p N q 2 ) p R P l ~ N l  
2 4 9 2 0 9 2 1 
Y ~ = Y ( L P ~ ~ N ~ ~ ) + ( Y ( L P ~ ~ N o ~ ) - V ~ L P ~ ~ M P ~ ~ ~ * F A C ~  I F ( F T E S T ( V ( L P ~ ~ N ~ ~ ) ~ D P ~ P D P F ( Y ( L P ~ ~ N ~ Z ) ~ M  

V 2 = V ( L P 2 v N ~ 1 ) + ( ~ ( ~ ~ 1 q M s 1 ) - V ( L ~ 2 ~ N g 1 1 1 * F A C ~  2 4  D X L = X X ( N 9 2 ) - C P l  

C A L L  G E O H ( ~ ~ L P ~ P A ~ ~ Y ~ P R ~ ~ T ~ V O ~ I ~ P N )  C A L L  C R I S E C ( V ( L P ~ ~ N ~ ~ ) ~ V V ~ M ~ ~ ) ~ C P ~ ~ D ) I L L ~ X S V D P ~ ~ ~ U ~ ~ N ) 
GO T O  2 3C A L L  G E o M ( ~ ~ L P ~ P A ~ ~ Y ~ v R ~ P T ~ v D ~ ~ ~ ~ N ~  
IF(FTEST(VlpDlpDPF(YLpM))) L O w l l s 1 2  C C R I T I C A L  FLOW A T  P O I N T  B C C 
C S U B C R I T I C A L  FLOW A T  P O I N T  ( 1 )  14 V E = V ( L P l r N 9 1 )  
10 	F A C T = ( X X ( M ~ ~ ~ - C P ~ + D X ( ~ ~ ~ ) ) / ( X X I N ~ I B - C P ~ )  D E = D P 2  

Y ~ ~ Y ( L P ~ ~ N ~ ~ ) + ( V Y ( N ~ L ) - \ I ~ L P ~ ' ~ N ~ ~ ~ ~ * F A C B  DXBE=O,O 

V3=V(LPlpNs1)+(VVtN~1)-VILP1vNvl))*FBtT GO T O  2 5  

C A L L  G E O M ( l 9 L P l r A 3 ~ Y 3 p W 3 ~ T 3 ~ D 3 p 1 9 N )  C 
 SUPERCRITICAL FLOW A T  POINT B32  	C A L L  C H A  ~ ~ A C ( V  ~ ~ D ~ ~ V ~ V D  ~ ~ D X  ~ ~ ~ ~ ~C ~ M ~ V E  ~ D E  ~ D X B E P  ~ ~ ~ ~ Q ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  1 5  C A L L  C H A R A C ( V ( L P ~ P N I ~ ) ~ D P ~ ~ V ( L P ~ ~ N ~ ~ ~ ~ D P ~ ~ D X ( ~ ~ ~ ~ ~ N ~ V E ~ D E ~ D X B E ~ - ~ .26 	C A L L  C H A R A C ( V 2 e D 2 r V l e D l ~ D X ( l ~ t 2 ) ~ W p V D ~ D D ~ O X O B ~ l e ~ O e ~ O m ~ ~ ~ ~ ~ ~ ~  

C A L L  P A S S ( Y Y ( N ~ ~ ) ~ V V ( N V ~ ) I T I H E B Y H I N I ( L ~ ] . P N ) P N ~ L P ~ )  l ? Q e . ~ O e 9 0 ~ 9 l m )  
GO T O  2 5  C  
C  C O M P U T A T I O N  O F  P O I N T  P  C C R I T I C A L  FLOW A T  P O I N T  ( 1 )C c 
C A L L  G E O H (  l p L P l ~ A P 1 v Y ( L B 1 ~ N ~ l  	 11 V E = V l1 - P W P ~ O T P B ~ D P ~ I ~ B M )  
D E = D lC A L L  ~ E O H ( ~ ~ L P ~ ~ A P ~ ~ V ( L P Z ~ M ~ R ) ~ R P ~ ~ T P ~ ~ D P ~ W ~ B N ~  

I F ( F T E S T ( V ( L P ~ ~ N ~ ~ ) P D P ~ ~ D P F ~ Y ~ L P P P N P I P ~ N  DXBE=O,O
1 3 ~ 1 4 ~ 1 5  

13 I F ( L L I N I ~ ) - L T - L L I M ~ ~ ) )  GO TO 33 GO T O  2 6  

C 	 C S U P E R C R I T I C A L  FLOW A T  P O I N T  ( 1 )C S U B C R I T I C A L  F L O W  A T  P O l M T  B 	 C 
F A C T ~ D X ( ~ ~ ~ ) / ( X X ( N I ~ I - C P ~ )  1 2  C A L L  C H A R A C ( V ~ ~ D ~ ~ V ~ ~ D ~ ~ D X ~ ~ ) P N ~ W E ~ ~ D E ~ D X B E ~ ~ ~ ~ ~ O ~ ~ O ~ ~ O ~ ~ ~ ~ ~  
Y P ~ I Y ( L P ~ ~ N ~ ~ ) + ( Y Y ( N ~ ~ ~ - Y ~ L P I I O R \ P I ~ ~ * F W C T  GO T O  2 6  
V P ~ = W ( L P ~ ~ H ~ L ) + ( V V ( M ~ ~ ) - V I L P Y ~ M ~ ~ ) ~ * F & C T  2 7  I F ( L L ( N 9 2 ) . E Q . L L f N q l ) )  GO TO 2 8  
CC A L L  G ~ o M ( L v L P ~ ~ A P ~ ~ Y P ~ ~ R P ~ ~ ~ ~ P ~ ~ D ~ ~ Q ~ ~ ~ ~  

33 C A L L  C ~ ~ ~ A C ( V P 3 ~ D P 3 ~ V ( L B l p N ~ P ~ ~ D P 1 ~ O X ~ ~ O ~ ~ 9 W w Q D ~ 1 0******** C A S E  (6) O F  G R I D  P O I N T S  *****C
C 

10.v-1 .  I C 

2 5  C A L L  s D P 2 g V ~ L P l q M p l l  C C O M P U T A T I U M  O F  P O I N T  L 2 
C H A R A C ( V ( L P ~ P N ~ ~ )  p D P l y D X L l 2 N V D D D D B 1  

10. ,0 ,90,9 l . )  C 

C A L L  P A S S ( Y ( L P ~ ~ N I ~ ) ~ V ( L P ~ O N O ~ ) ~ T I M E ~ Y P ~ I N I ~ L P ~ ~ N ) ~ N ~ L P ~ ) 
P 3 = L P 1 +  1 

C  F A C T = (  X X ( M r 2 ) - C P 1 ) / D X ( 1 , 2 )  

C S E A R C H  FOR C R I T I C A L  S E C T I O N  Y ~ = Y ( L P ~ ~ N I ~ ) + ( Y ( L P ~ ~ ~ M ? ~ ) - Y ( L P ~ P N ~ ~ ) ~ * F A C T 
V l = V ( L P l r N 9 1  )+IW ( L ? 3 1 v N 9 1  1 - V ( L P l p N q l  ) ) * F A C TC 

C A L L  G E O H ( ~ ~ L P ~ ~ A A ~ ~ Y Y ( N ~ ~ ) ~ R R ~ ~ T T ~ P D D ~ ~ ~ ~ N )  V 2 = V ( L P 2 ~ N , l ) + ( V ( L P l , M , 1 ) - V ( L P 2 9 N 9 1 ) 1 * F A C T  

I F ( F T E S T ( V V ( N 9 2 ) , 0 0 2 t D P F I Y Y ( N * 2 ) , N ) ) )  1 B v 1 7 p 1 8  Y 2 = Y ( L P 2 r N , 1 I + ( Y ( L P l q N ~ l ) - Y ( L P 2 , M , l ) l * f A C T  

1 6  C A L L  G E O M ( l v L P 1 ~ A P l ~ ~ Y ( L P l ~ N ~ 2 ) p W P 1 ~ T P l ~ D P 1 q l p N )  	 C A L L  G E O H ( l ~ L P l 9 A l r Y l ~ R l e T l p D 1 ~ 1 ~ N )  C A L L  GEOMIleLPZqA2tY29R2oT2qD2rlpN)IF(FTEST(V(LPlpN,21vDPlqDPF(Y(LPlpN92lpM))) 1 9 9 2 0 e 2 1  VP3=W ( L P 3 q b I v l )  
1 9  V J R ( L P 1 9 N v 2 ) = O . O  

Y J R ( L P L ~ N I ~ ) = O ~ O  C A L L  G E O M ( ~ ~ L P ~ ~ A P ~ ~ Y ( L P ~ I N ~ ~ ) ~ R P ~ ~ T P ~ ~ D P ~ ~ ~ , N )  

Y J L ( L P l r N 9 2 ) = O - 0  IF(FTESTfVl,D19DPF(YlvN))) 2 9 , 1 1 9 1 2  
C
V J L ( L P l v N 9 2 ) = 0 , 0  

X E ( L P l q N v Z ) = O * O  C S U B C R I T I C A L  FLOW A T  P O I N T  ( 1 )  

X J D O T ( L P l v N p 2 ) = 0 . 0  29 ~ A C T = ( X X ( N , ~ ) - C P ~ ) / ( X X ( N , ~ ) - C P ~ - D X ( ~ , Z ) I  

6 0  H ( l S ) = H l S  Y 3 = Y ( L P 3 ? N 9 1 ) + ( Y Y ( N , 1 ) - Y ( L P 3 , N , 1 ) ) * F A C T  

R ETURM V 3 = V ( L P 3 , N , l ) + ( V V ( N , 1 ) - V ( L P 3 , N , 1 ) ) * F A C T  

2 0  X S = C P l  C A L L  GEOM(l?LP3pA3pY39R3sT3vD3q19N) 

2 3  W R I T E ( 6 r l O l )  N GO T O  32 

1 0 1  F O R M A T ( / / 2 X 9 2 4 H A T  T H E  O V E R L A N D  FLOW N O e 9 1 Z )  C 

W R I T E ( 6 , 1 0 3 )  X S V T I H E  C ******** C A S E  ( C )  OF G R I D  P O I N T S  a* * * * *  

1 0 3  F O R M A T ( / 2 X v 4 5 H I F  T H E R E  I S  A C R I T I C A L  S E C T I O N ,  I T  I S  A T  X =  , F 1 0 ,  

1 5 9 5 X p 9 H i  A T  I / )  C C O M P U T A T I O N  OF P O I N T 
T I H E I F ~ O ~ ~ ~ ~ H  	 L Z  
(: 
S E A R C H  FOR C R I T I C A L  S E C T I O N  
5 2  C A L L  G E O M ( 1 9 L P l + l p A A 2 * Y Y 1 N , 2 ) t l R R 2 ~ T T 2 s O D 2 ~ l r N )  
I F ( F T E S T ( V V ( N ~ ~ ) ~ D D ~ ~ D P F ( Y Y ( N ~ ~ ~ ~ N ) ) )4 3 1 7 9 4 5  
43 C A L L  G E O M ( ~ ~ L P ~ + ~ ~ A P P ~ ~ Y ( L P ~ + ~ , N , ~ ) ~ K P P ~ B T P P ~ ~ D P P ~ ~ ~ ~ M )  
I F ( F T E S T ( V ( L P ~ + ~ ~ N ~ ~ ) ~ D P P ~ ~ D P F ( Y ~ L P ~ + ~ D N ~ N1 6 7 4 7 ~ 4 8  
4 7  X S = C P l + D X (  1 9 2 1  
GO T O  2 3  
48 C A L L  G E O M ( 1 9 L P 1 ~ A P l ~ Y ( L P 1 q N p 2 ) 1 R P l ~ T P 1 9 D P l ~ l v N )  
I F ( F T E S T ( V ( L P l p N r 2 l q D P 1 q D P F ( Y ( L P l v N ~ 2 ) p N 4 9 o Z O e 2 1  
49 C A L L  C R I S E C I V ( L P 1 y N ~ 2 ) ~ V ~ L P 1 + 1 v N ~ 2 ) p C P 1 9 D X ~ 1 ~ 2 ) ~ X S v O ~ l ~ D P P l q N )  
GO T O  2 3  
4 5  C A L L  G E O M ( ~ ~ L P ~ + ~ ~ A P P ~ ~ Y ~ L P ~ + ~ ~ N ~ ~ ) ~ K P P ~ ~ T P P ~ ~ D P P ~ ~ ~ ~ N ~  
I F ( F T E S T ( V ( L P 1 + l q M q 2 ) q D P P 1 p D P F ~ Y ~ L P 1 + 1 ~ N 2 N5 0 , 4 7 9 4 8t. 
(; S U B C R I T I C A L  FLOW A T  P O I N T  ( 1 )  5 0  D X L = X X ( N 9 2 ) - C P l - D X ( l s Z )  
3 4  FACT=(XX(NqZ)-CPl+DX(Ir2))/(XX(Nvl)-CPl) C C C = C P l + D X (  1 9 2  
Y ~ = Y ( L P ~ , N ~ L ) + ( Y Y ( N ~ ~ ) - Y ( L P ~ ~ N ~ ~ ) ) * F A C T  	 C A L L  C R I S E C ( V ( L P 1 + 1 ~ N e 2 ) 9 V V ( M 9 2 ) ~ C C C w D X L o X S v D P P l p D 1 ) 2 ~ N )  
V ~ = V ( L P ~ ~ N ~ L ) + ( V V ( N ~ L ) - V ( L P ~ ~ N , ~ ) ) ~ F B C T  GO T O  23  

C A L L  G E O W ~ ~ , L P ~ ~ A ~ ~ Y ~ V U ~ V T ~ , D ~ ~ ~ ~ N )  C 

C C R I T I C A L  FLOW A T  P O I N T  BC A L L  C H A R A C ( V ~ ~ D ~ ~ V ~ ~ D ~ ~ D X ( ~ ~ ~ ) ~ N ~ V E ~ D E ~ D X B E P - ~ ~ ~ O - P O ~ ~ O - ~ - ~ ~ )  

55 C A L L  C H A R A C I V ~ ~ D Z ~ V Z ~ D ~ ~ D X ( ~ ~ ~ ) ~ N ~ V D ~ D D ~ D X D B ~  41 V E = V ( L P l q N 9 1 ) 
l q O . q O ~ v O o v 1 ~ )  

C A L L  P A S S ( Y Y ( N ~ ~ ) ~ V V ( N I ~ ) P T I H E I Y W I N I ( L P ~ ~ N ) I M ~ L P ~ )  D E x O P l  

C DXBE=O,O 





V P P 1 = V ~ L P l v H v l I + ( V V ( N 9 l ) - V ( L P l ~ N q l ) ) * F A C T  

C A L L  G E O W ( ~ ~ L P ~ ~ A P P ~ ~ Y P P ~ ~ R P P ~ ~ T P P ~ B D P P ~ ~ ~ V N )  S U P E W C R I T I C A L  FLOW A T  P O I N T  B 

C A L L  G E O W ( ~ ~ L P ~ ~ A Q ~ ~ Y ( L P ~ ~ H ~ ~ ) ~ R P ~ ~ T P ~ ~ D P ~ ~ ~ ~ N )C A L L 
4 2  C H A R A C ( ~ ~ L P ~ Q H ~ ~ ) ~ D ~ ~ P V ~ L P ~ ~ ~ B ~ ) ~ ~ P ] L ~ D B ( ~ ~ ~ ~ ) ~ ~ ~ ~ ~ ~ D ~ P D % ~ ~ ~ - ~ ~  
I F ( F T E S T ( V P P ~ ~ D P P ~ ~ D P F ~ Y P P ~ B N ) )  1 p O m p O o p O e p l r )3 7 9 3 8 9 3 9  

GO T O  5 1  

S U B C R I T I C A L  FLOW A T  P O I N T  C C 

3 7  	FACTn2,+DX(lr2)/(XX(Nq1)-CPP) C C R I T I C A L  FLOW A T  P O I N T  C 

Y P P 3 ~ Y ( L P l q N I l ) + ( ~ Y ( N ~ l ) - Y ~ L P 1 e N ~ l ) ~ * F A C T  38 WE=WPPl  

V P P ~ = V ( L P ~ ~ N ~ ~ ) + ( V V I N ~ ~ ~ - V ~ L P B ~ N S ~ ~ ~ * F W C T  D E s D P P l  

C A L L  G E O H ( l ~ L P l r A P P 3 ~ Y P P 3 ~ W P B 3 v T P P 3 ~ D P P 3 ~ 1 q N )  DXBE=0.0  

C A L L  C H A R A C ( V P P 3 ~ D P P 3 ~ V P P I 9 D P P 1 B D X ~ 1 ~ 2 ) ~ N ~ V E o D E v O X B E q - l ~ v O ~ ~ O ~ w O - 9 
GO T O  5 4  

1 - 1 - 1  C 

5 4  C A L L  C H A R A C ( V ( L P ~ ~ N ~ ~ ) ~ D P ~ ~ V P P ~ ~ D P P ~ O O X ( ~ ~ ~ ~ ~ V D V P O *S U P E W C R I T I C A L  F L W  A T  POINT C
C  

l v O - , l C . )  39 CALL C H A R A C ~ V ~ L P ~ ~ N ~ ~ ) B D P ~ ~ M P P ~ ~ D B P ~ ~ D X ~ ~ ~ Z ~ ~ N ~ V E ~ D E ~ D X ~ ~ ~ - ~ ~ ~ O ~ ~ O  

C A L L  P A S S ( Y ( L P 1 + 1 q N ~ 2 ) r V ~ L P 1 + l o N 8 2 ) p T I ~ E ~ Y M I P d I ~ L P l + l ~ h l ~ ~ N v L P l + l ~l ~ v o e v l ~ )  

X E ( L P l + 1 q M v 2 ) ~ O . O  GO TO 54 

V J R ( L P l + l q N y 2 ) c O , O  C 

Y J R ( L P l + l q N 9 2 ) = O , O  C C R I T l C A L  FLOW A T  P O t N T  I 1 1  

Y J L ( L P l + l v M , Z ) = O . O  3 5  W E = V l  

V J L ( L P l + l q N r 2 1 = 0 ~ 0  D E = D 1  

X J D O T ( L P l + l r N q 2 ) ~ 0 . 0  DXBE=O.O 

GO T O  5 5  

C O M P U T A T I O N  O F  P O I N T  R 

S U P E R C R I T I C A L  F L W  A T  P O I N T  ( 1 )  

C A L L  G E O H ( ~ ~ L P Z ~ A P ~ ~ Y ( L P ~ ~ N ~ ~ ) ~ R P ~ ~ T P ~ ~ D P ~ P ~ O N ~  C H A R A C ~ V 2 r D 2 q V l r D l ~ D X ( l ~ 2 ) ~ N ~ V E ~ D E q D X B i E q - l ~ w O ~ ~ O ~ ~ O ~ ~ l ~ ~ 
36 C A L L  

I F ( F T E S T ( V ( L P ~ ~ N ~ ~ ) ~ D P ~ ~ D P F ( Y ( L P ~ ~ N ~ ~ ) I W )  GO T O  5 5  
4 0 p 4 1 q 4 2  
S U B C R I T I C A L  FLOW AT P O I N T  B 

4 0  C A L L  C H A R A C ( V P P ~ ~ D P P ~ ~ V ( L P ~ ~ M ~ ~ ~ ~ D P ~ ~ D ~ ~ ~ ~ Z ) ~ N ~ V E ~ D E ~ D X B E V - ~ ~ ~ ~ ~ ~ ~  

l - , o e v - l . , )  

51 C A L L  C H A R A C ( V ( L P 2 v N q l f q D P 2 ~ W ~ L P 1 p N q l ) s ~ ~ 1 ~ ~ ~ ( ~ v 2 ) q ~ ~ v ~ r ~ ~ ~ ~ ~ ~ ~ v ~ ~ ~  

1 0 . , 0 . 9 0 * 9 1 - 1  

C A L L  P A S S I Y ( L P ~ ~ N , ~ I ~ V ( L P L , N , ~ ) ~ T I M E ~ Y H I N I ( L P ~ ~ N ) ~ ~ V ~ L P ~ )  

APPENDIX 28. NOTATION 
cross-sect ional  a rea  normal t o  the d i r e c t i on  of flow 
cross-sect ional  a rea  normal t o  the d i r e c t i on  of flow a t  the 
l e f t  s i de  of a jump located  a t  point  J 
cross-sect ional  a rea  normal t o  the d i r ec t i on  of flow a t t h e  
r i t h t  s i de  of a jump located  a t  point  J 
cross-sect ional  area  normal t o  the d i rec t ion  of flow a t  the 
reference point  
normalized cross-sect ional  area normal t o  the d i rec t ion  of 
flow 
t o t a l  watershed area  projec ted  on a hor izon ta l  plane 
a constant 
forward charac te r i s  t i c  l i n e  
backward cha r ac t e r i s t i c  l i n e  
hydraulic depth of flow 
reference hydraulic depth; t h a t  i s ,  hydraulic depth of flow 
a t  the reference point  
normalized hydraulic depth of flow 
momentum in f lux  due t o  l a t e r a l  inflow 
moner,tux influx due t o  r a i n f a l l  
Darcy-Weisbach f r i c t i o n  coef f i c ien t  
Darcy-Weisbach f r i c t i o n  coef f i c ien t  a t  the  reference point 
conceptual Darcy-Weisbach f r i c t i o n  coef f i c ien t  
a  function 
a  function 
a  function 
f r i c t i o n a l  fo rce  
force  due t o  the weight of water 
pressure force  
Froude number 
Froude number a t  the  reference point  
accelera t ion of g rav i ty  
v e r t i c a l  depth of flow 
v e r t i c a l  depth of flow a t  point  C 










minimum v e r t i c a l  dep th  of f low . 

normalized v e r t i c a l  dep th  of flow 

I 
ove rp re s su re  head due t o  r a ind rop  impact 
v e r t i c a l  depth of t h e  c en t r o i d  of the c r o s s - s e c t i on a l  a r e a  
of  f low 
v e r t i c a l  depth of t h e  c en t r o i d  of t h e  c r o s s - s e c t i on a l  a r e a - a t  
t h e  l e f t  s i d e  of a jump l o c a t ed  a t  p o i n t  J 
v e r t i c a l  depth of t h e  c en t r o i d  of t h e  c r o s s - s e c t i on a l  a r e a  
a t  t h e  r i g h t  s i d e  of a jump loca t ed  a t  p o i n t  J 
normalized ove rp re s su re  head due t o  r a ind rop  impact  
a c o e f f i c i e n t  
a c o e f f i c i e n t  
i n f i l t r a t i o n  r a t e  
normalized average i n f i l t r a t i o n  r a t e  ove r  an e lementary 
volume 
average  i n f i l t r a t i o n  r a t e  over  an e lementary volume 
roughness s i z e  
r e f e r en c e  rodghness s i z e  
r e f e r en c e  l eng th  
a c o e f f i c i e n t  
momentum of an e lementary volume of wa t e r  a t  t ime t 
normalized l a t e r a l  i n f l ow  r a t e  p e r  u n i t  l e ng t h  of  channel  
f low 
l a t e r a l  i n f l ow  r a t e  p e r  u n i t  l eng th  of  channel  f low 
d i s cha rge  through t h e  c ro s s - s ec t i ona l  a r e a  of f low 
r e f e r e n c e  d i s char6-on 
I 
normalized d i s cha rge  
r a i n £  a l l  i n t e n s i t y  
r e f e r en c e  r a i n f a l l  i n t e n s i t y  
normalized average r a i n f a l l  i n t e n s i t y  over an elementary 
volume 
average r a i n f a l l  i n t e n s i t y  over  an e lementary  volume 
I 
hyd r au l i c  r a d i u s  of f low 
r e f e r en c e  hyd r au l i c  r a d i u s  
normalized hyd r au l i c  r a d i u s  
Reynolds number 
f r i c t i o n  s l o p e  
r e f e r en c e  f r i c t i o n  s l o p e  
a c o e f f i c i e n t  
channel  o r  p l a i n  s l o p e  
t ime 
i n i t i a l  time 
normalized t ime 
top w id th  of f low 
r e f e r en c e  top  w id th  of flow 
normalized t op  w id th  of flow 
v e l o c i t y  of f low 
v e l o c i t y  of f low a t  t h e  l e f t  s i d e  of a  jump l o c a t e d  a t  
p o i n t  J 
v e l o c i t y  of f low a t  t h e  r i g h t  s i d e  of a jump l o c a t ed  a t  
p o i n t  J 
r e f e r en c e  v e l o c i t y  o f  f low 
normalized v e l o c i t y  of flow 
s p e c i f i c  weight  of wa t e r  
coo rd ina t e  
normalized coo rd ina t e  x 
depth of flow normal t o  t h e  flow d i r e c t i o n  
momentum c o r r e c t i o n  f a c t o r  f o r  t h e  v e l o c i t y  d i s t r i b u t i o n  
of t h e  f low 
momentum c o r r e c t i o n  f a c t o r  f o r  t h e  v e l o c i t y  d i s t r i b u t i o n  of  
t h e  l a t e r a l  i n f l ow  
momentum c o r r e c t i o n  f a c t o r  f o r  t h e  d i s t r i b u t i o n  of t e rmina l  
v e l o c i t y  of r a ind rops  
ang l e  of i n c l i n a t i o n  of t h e  channel  bed 
ang l e  of i n c l i n a t i o n  of t he  l e f t  p l a i n  s u r f a c e  
r e f e r en c e  ang l e  of i n c l i n a t i o n  
ang l e  o f  i n c l i n a t i o n  of t h e  r i g h t  p l a i n  s u r f a c e  
angle  of i n c l i n a t i o n  of s i d e  p l a i n  s u r f a c e s  
ang l e  of  i n c l i n a t i o n  of channel bed o r  p l a i n  s u r f  ace  
1 
a c o e f f i c i e n t  
mean t e rmina l  v e l o c i t y  of r a ind rops  
normalized terminal velocity of raindrops 

kinematic viscosity of fluid 

velocity of propagation of the discontinuity 

mass density of fluid 

angle of inclination t h a t  the mean terminal velocity of 
raindrops makes with the vertical line 

